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Morphological Properties of Manganese Ferrite Nanoparticles

A.F. Gochuyeva
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The paper discusses the results for the sample with a high degree of purity
(nanopowder with true density of 4.96 g/cm?, particle size of 60 nm and puri-
ty of 98.5%; SkySpring Nanomaterials, USA) and, in comparison with it,
prepared one in the form of a pill of size 4x15x5 mm for 1 hour; the surface
morphology of the irradiated sample under the influence of y-rays is studied.
The AFM (atomic force microscopy) results show that the phases included in
the composition of the ordinary MnFe204 nanoparticle are compactly assem-
bled into different parts, and the presence of slight surface roughness is ob-
served. In the irradiated sample, the phases are evenly distributed, and the
surface roughness is clearly visible.

Key words: manganese ferrite, nanoparticles, y-rays, surface morphology,
AFM.

¥ cTarTi 06TrOBOPIOIOTHCSA PE3YJIbLTATH CTOCOBHO 3pa3Ka BUCOKOT'O CTYIEHS YKC-
TOTHU (HAHOIIOPOIIIOK 31 CIIPaBKHBO I'ycTuHOI y 4,96 r/cM®, posmipom uacTu-
HOK y 60 uM i uncrorow y 98,5%; SkySpring Nanomaterials, CIITA) i, B mopis-
HAHHI 3 HUM, IPUTOTOBAaHOTO y dopmi miryaxkm posmipom 4x15x5 MM ympo-
IOB:K 1 rogmHM; JOCIIiAKeH0 MOP(OJIOTiI0 TOBEPXHi OITPOMiHEHOTO 3pas3Ka i
BILIMBOM Y-mipoMeHiB. Pegynprat ACM (aTomMHO-cmIOoBOI MiKpocKomii) moka-
3YIOTb, 110 a3u, AKi BXOJATH A0 CKJIaLy 3BUUaiHol HaHOUacTUHKY MnFe204,
KOMIIAaKTHO 3i0paHi B pi3Hi UaCcTUHU; TaKOXK CIIOCTEPITraeThCsa HASIBHICTh HEBe-
JIUKOI MIePCTKOCTH IoBepxHi. B onpominenomy 3pasky ¢dasu posmoaiseHi pis-
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1. INTRODUCTION

As we know, compared to large-scale materials and microparticles,
nanoparticles exhibit more sophisticated and greater properties and
enable their application in a large number of different fields. As a key
member of the ferrite family, MnFe»O, has been the subject of exten-
sive research due to its special magnetic and electromagnetic proper-
ties. Understanding the magnetic properties of nanoparticles in mag-
netic materials is one of the important topics. The magnetic transitions
present in nanostructured MnFe;O4 oxides with a spinel ferrite struc-
ture are widely used in industrial and medical biology. This nanoparti-
cle is also a non-toxic compound and an environmentally friendly non-
corrosive material, resistant to high temperature and impact. In
MnFe:04, about 80% of the Mn?" ions are in the tetrahedral site and
20% in the octahedral site, so it is a partially inverted spinel. Spinel
ferrites have the structure AB:0O4, where A and B represent the tetra-
hedral and octahedral cation sites, respectively, and O represents the
oxygen anion site. In the normal spinel structure, site A is occupied by
Fe3" ions, and in the reverse spinel structure, site A is occupied by Mn?2*
ions. It is possible to control the shape and particle size of the MnFe204
compound, as well as adjust the catalytic, magnetic, dielectric, elec-
tronic, optical and electrical properties [1, 2]. By adding certain cati-
ons or anions to change the concentration of electrons and holes, the
magnetic, optical and electrical properties of ferrites can be improved
or adjusted. Spinel-containing ferrites have several advantages over
inverse spinel ferrites, in part because they are cheaper, easier to man-
ufacture, and have different magnetic properties. Furthermore, the
radius, charge, lattice energy and crystal site stabilization energy of
the solute ion added in sites A and B significantly affect the distribu-
tion of cations. Manganese ferrite (MnFe20,) nanoparticles, which be-
long to spinel ferrites, are used in magnetic applications, such as re-
cording media devices, drug delivery, ferrofluids, biosensors and con-
trast enhancement agents for MRI technology. There are many exper-
imental synthesis methods to obtain MnFe;O, ferrites. Among them,
thermal decomposition, sol-gel, colloidal emulsion, sol-
vo/hydrothermal and laser pyrolysis, etc. methods can be shown. Sol-
vo/hydrothermal synthesis is an environmentally friendly approach to
produce small and uniformly distributed nanostructures. It also makes
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it easy to add particles to create composite materials [11]. The sol-
vothermal synthesis method, usually obtained using a microwave ov-
en, allows precise control of the parameters of compound properties,
phase purity, high productivity, reproducibility, uniform particle
morphology. Manganese ferrites at the nanoscale exhibit interesting
morphological characteristics. Considering these and other character-
istics, it can be assumed that manganese ferrite nanoparticles can be
used in elements used in telecommunications by forming a composite
with the polymer materials used in our previous work [3—10]. They
have a wide range of applications ranging from fundamental research
to industrial applications. In the present study, the surface morpholo-
gy of ferrite nanoparticles was investigated.

2. EXPERIMENTAL DETAILS

Nanopowder sample with a true density of 4.96 g/cm?, a particle size of
60 nm and a purity of 99.95% (SkySpring Nanomaterials, USA) was
used during the studies. The MnFe;O, nanoparticle has a spherical
shape depending on the synthesis process. These particles in powder
form are manufactured by pressing. Pressing process Model No. FTIR
hydraulic press with ATHP-15 is made. The process was carried out
under complete laboratory conditions. To do this, the nanoparticle in
powder form is poured into a special mold of 4 mm wide, 15 mm long
and 5 mm high and pressed at room temperature to form a pill. The
pressure during pressing was 50 kg/cm?. The samples obtained in the
form of pills were irradiated with a gamma ray with a radiation power
of D=1.41 gray/sec and a radiation dose of 50 gray. Nanoeducator,
Scanning probe microscope (Northern Ireland), AFM (atomic force
microscopy) also studied the surface morphology of the sample at the
nanoscale.

3. RESULTS AND DISCUSSION

In our research, atomic force microscopy (AFM) of a nanoparticulate
antiferromanganese-based sample was studied. Despite the wide appli-
cation of AFM in materials science and its scientific and engineering
impact, atomic force microscopy has been rarely used in magnetic na-
noparticles. When doping is performed on various samples, TEM,
SEM, etc. are used when studying their structure. It is very suitable to
learn AFM analysis at the same time as analysis. In our work, the AFM
images of the pure MnFe;O4 nanoparticle and pellet of size 4x15x5 mm
prepared and irradiated under the influence of gamma rays for 1 hour
were examined. The surface morphology, topology and coating thick-
ness of the MnFe;04 composite elements were determined using AFM
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images. The AFM images were taken at 24°C, being stable and repro-
ducible. Figure 1(a) shows a topographical image of a typical contact
mode AFM top view of a MnFe;O4 nanoparticle. The nanoparticles with
a spherical diameter of 60 nm are irregularly distributed in the thin
layer. In Figure 1(b), a large number of bumps are observed on the sur-
face of the joint, indicating that this feature belongs, for example, to
MnFe:04, a magnetic nanoparticle. In some areas, a compact agglomer-
ation of magnetic particles caused by strong attraction between nano-
particles can be observed [12, 13].

Figure 1(c) shows the AFM image of the same point in front three-
dimensional topographic format, i.e., 3D. At 24°C, a few particles of a
nanoparticle size mentioned above mixed with medium-size particles
form a relatively irregular surface with a given and increasing rough-
ness. Looking at a 3D topographic image, we see many protrusions that
break up the flat surface, causing roughness. Moreover, as shown in
the 2D and 3D topographic images of MnFe;Qs, it is clear that the
thickness increases due to the precipitation of Mn*ions in the ferrites,
which increase the thickness with the increase of the coating layer. The
morphological study shows that the thickness of the coating increases
due to the accumulation of particles in the surface layers. Figure 1(d)
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Fig. 1. a) typical topographic AFM image of a MnFe:04+ nanoparticle (in con-
tact mode), b) 2D topographic image of a nanoparticle, ¢) 3D topographic im-
age of a nanoparticle, d) height histogram of a nanoparticle obtained from
data from a scanned surface 3x3 pm?.



MORPHOLOGICAL PROPERTIES OF MANGANESE FERRITE NANOPARTICLES 571

shows a histogram of the height size distribution of a MnFe;O4 nano-
particle obtained from data of a scanned area of 3x3 pm?. This figure
shows the elevation of the cross section produced by the irregular sur-
face, which causes the roughness associated with the typical topo-
graphic image of a nanoparticle. From the data of the 3x3 pm? scanned
area of the MnFe;O, nanoparticle, it can be observed that the total sur-
face roughness is approximately 67 nm[14, 15].

Figure 2(a) shows AFM images of a sample of MnFe;O, nanoparticles
prepared as 4x15x5 mm pellets and irradiated under the influence of y-
rays for 1 hour. Here, there is a topographic image of the AFM in con-
tact mode. According to the topographic image, the crystal phases of
the sample irradiated under the influence of y-rays for 1 hour are dis-
tributed more evenly, and it is proven that the crystal phase is better.
Spherical nanoparticles with a diameter of 60 nm are regularly dis-
tributed in the thin layer. Figure 2(b) shows that the phases are regu-
larly distributed on the surface of the MnFe;O4 composite, unlike the
2D topographic image of the unirradiated sample. In the topographic
image of the sample irradiated under the influence of y-rays, the re-
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Fig. 2. a) typical AFM topographic image (in contact mode), b) 2D topographic
image, c) 3D topographic image, d) height histogram obtained from data of a
3x3 nm? scanned area of a sample irradiated under the influence of y-rays for 1
hour.
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verse agglomeration process occurs in the entire area, i.e., due to the
lack of attraction between the nanoparticles, compact aggregation of
the nanoparticles is not observed. The reason for this may be that the
magnetic moment of the substance takes on an average value, depend-
ing on the valence of iron oxides (Fe?" and Fe3") and also due to the ef-
fect of the given temperature during pressing.

Figure 2(c) shows the three-dimensional topographical image before
AFM, i.e., 3D, of the same point of the sample irradiated under the in-
fluence of y-rays for 1 hour. Looking at the 3D topographic image, we
see that the sample surface consists of roughness, which leads to an
irregular layer. Even the roughness created along the surface appears
in a regular form in terms of appearance. As shown in the two topo-
graphic images, the thickness also increased due to the precipitation of
Mn* ions in the ferrites, which increased the thickness with the in-
crease of the coating layer. Figure 2(d) shows a histogram of the height
size distribution obtained from data of a 3x3 ypm? scanned area of a
sample irradiated under the influence of y-rays for 1 hour. This figure
shows the elevation of the cross section produced by the irregular sur-
face, which causes the roughness associated with the typical topo-
graphic image of a nanoparticle. From the data of the 3x3 pm? scanned
area of the MnFe;O4 nanoparticle, it can be observed that the total sur-
face roughness is approximately 4.7 nm.

4. CONCLUSIONS

In our research work, the necessary data for the important characteris-
tics of the MnFe:04 nanoparticle and the sample prepared in pill form
of the above-mentioned size and subjected to the influence of gamma
rays by AFM were presented. It was shown the similarities and differ-
ences observed in the polydispersity parameters obtained from the
AFM data of the MnFe,O, nanoparticle and the gamma-irradiated sam-
ple prepared as a pellet. As can be seen, the agglomeration process is
clearly manifested on the surface of an ordinary nanoparticle. In the
irradiated sample, no compact agglomeration is observed; on the con-
trary, the individual phases of the compound are arranged in an order-
ly manner. The reason for this regularity may be due to changes in va-
lence of ferrite oxide.
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This article describes the design of a highly-efficient ion source with a
Penning-system cold cathode for ion implantation. The ion source is intended
for receiving large currents (> 10 pA) from solid materials whose boiling
point is higher than the melting point. The ion source on the BALZERS MPB-
202 ion implanter is also tested.

Key words: ion implantation, ion source, ion implanter, metal ions,
semiconductor structures.

B nmaniit craTTi onmcaHoO KOHCTPYKITiI0O BUCOKOE(hEKTUBHOTO A)Kepesa HOHIB i3
X0JI0MHOI0 KaTomoro IlerHiHTroBOI cucTemMu mis iioHHOI iMmimanTarii. [»xepeso
MOHIB mpu3HAUYeHe AJA OAEP)KaHHA BeJIUKUX cTpymiB (>10pA) 3 TBepaux
MaTepiAniB, TemIeparypa KUIIHHA AKUX BUINE 3a TEMIIEPATyPy TOILIEHHSA.
Tarko:x mpoBemeHO ampodartiio mkepesa HOHIB Ha HOHHOMY iMILIaHTEpi
BALZERS MPB-202.
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1. INTRODUCTION

One of the main methods of introducing impurities for the production
of semiconductor devices is ion implantation using a gaseous or solid-
state source of ions. Ion implantation systems use hot and cold cathode
sources (Penning source). The hot cathode ion source allows
implantation of ions from gases and solids. However, such a source
cannot be used to implant elements with melting points lower than the
boiling point. Such elements include Fe, Cu, Mo, Al, Ti, Be and others.
In this regard, doping of the specified elements must be carried out
using an ion source with a cold cathode [1-3].

The principle of operation of the source consists in atomization of a
solid substance by plasma in a longitudinal magnetic field. However,
such ion sources do not provide ion currents greater than 10 pA when
spraying a solid-phase substance. That is why there was a need to
develop an effective source of ions with a cold cathode of the Penning
system, which would provide significantly larger ion currents [4].

2. CONSTRUCTION OF THE ION SOURCE

The design of the ion source was carried out using mathematical
modelling of individual elements of the source, in particular the
configuration of the magnetic field. An available type of magnet was
selected, the dimensions of the source and its power supply system
were calculated for further integration into the MVR-202 ion
implanter of the ‘BALZERS’ company of the V. Lashkaryov Institute
of Semiconductor Physics of the National Academy of Sciences of
Ukraine. The implanter is used to work out the operating modes of the
source during the generation of beryllium ions and demonstration
implantation of beryllium ions into a plate made of indium antimonide
[5, 6].

The physical and technical features of the development of plasma
ion sources are fundamentally similar. However, the development
requirements in the case of beryllium ion generation are specific and
are regulated by the ‘Sanitary rules for working with beryllium and its
compounds’ [7]. The latter requires specially equipped premises and
imposes some restrictions on the use of standard methods of
organizing work with ion sources. It is known that beryllium is similar
to aluminium in many ways (diagonal similarity in Mendeleev’s
periodic system of elements). Therefore, at the development stage, the
ion source was tested in the aluminium ion generation mode.
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Fig. 1. Construction of the source of metal ions: 1—hollow cathode; 2—anode;
3—anticathode; 4, 7—insulators; 5—sputter inserts; 6—NdFeB magnet; 8—
ion source case; 9—ferromagnetic insert; 10—cathode unit; 11—extracting
electrode.

Modern sources of metal ions require a stable plasma discharge of the
working gas, effective atomization and ionization of the atoms of the
implanted substance, acceleration of the formed ions and formation of an
ion beam [8]. The design of such a source is schematically shown in Fig. 1.

The gas discharge chamber of the source consists of a hollow cathode
(1), anode (2), anticathode (3) and body (&), which form the Penning
discharge geometry. A uniform magnetic field in the gas discharge
chamber is created by an NdFeB magnet (6) and magnetic conductors (3),
(8), (9). The magnetic wire is highlighted in the figure with dashed lines.

The construction of the source is based on the formation of a plasma
ion emitter using a Penning glow discharge. Ionization of sputtered
atoms is ensured by the oscillation of electrons in the discharge
chamber at low pressure. Modelling of the magnetic field of the ion
source was carried out using the TRUCK program [9, 10]. The
magnetic field in the cathode—anticathode gap was set in the range of
0.1-0.2 T. The simulation showed that when using a permanent NdFeB
magnet (ring size 100x70x20 mm), the magnetic field strength (B) in
the middle of the hollow cathode (1), anode (2) and the anticathode (3)
reaches values of 0.16—0.2T. These are acceptable values for the
created ion source.

The supply of gas (Ar) for the formation of stable gas-discharge
plasma is carried out through a hole in the back of the cathode (1). To
avoid discharge burning near the cathode hole in the source, a gas
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distribution cavity is provided. Gas supply to the discharge chamber is
carried out through a narrow gap with a diameter of 0.5 mm in the
peripheral area of the cathode assembly (10). Overheating of the
electrodes in contact with the discharge can lead to a change in the
burning mode of the discharge. To exclude this phenomenon, the
cathode assembly (10) and the anode (2) of the ion source are cooled
with water. For effective ionization of atoms in the gas discharge
chamber, the atomized solid substance in the form of inserts (5) is
pressed into the middle of the hollow cathode and anticathode. Spray
inserts are made from the material whose ions need to be obtained. At
the stage of working out the design of the source and its modes of
operation, the insert was made of aluminium. The cathode (1) is made
of molybdenum.

When voltage is applied to the electrodes of the source between the
cathode (1), anode (2) and anticathode (3), a glow discharge with a
voltage of =400V and a current in the range of 100—-400 mA (Ir)
ignites. Accelerated ions of the working gas (Ar) spray the aluminium
inserts, creating an environment of Al atoms in the emission region of
the gas discharge chamber. Fast oscillating electrons concentrated
along the discharge axis provide ionization of aluminium atoms.
Under the action of an external electric field, aluminium ions are
extracted into the region of the ion—optical path of the source and form
an ion beam. An external electric field is formed in the middle of the
emission hole with a diameter of 1.5 mm, when a voltage of 30kV is
applied between the anticathode (3) and the extracting electrode (11).

After testing the work of the source with aluminium ions and
ensuring sanitary and technical conditions for work with beryllium,
the ion source was used to obtain Be ions. For this, sprayed inserts
made of beryllium and aluminium alloys with a beryllium content of
20% and more were used.

3. APPROBATION OF THE ION SOURCE

The ion source was tested on the BALZERS MPB-202 ion implanter.
The beryllium (Be) used to form the inserts in the cathode and
anticathode has a high ionization energy of 9.32 eV. This energy is
greater than that of Fe (7.89 eV), Cu (7.72eV), Mo (7.1eV), Al (5.98
eV), Ti (6.8 eV). In addition, Be has two electrons in the outer orbital,
which complicates the ionization process. Accordingly, most ion
sources with a cold cathode are not capable of providing an ion beam
current of more than 0.07 pA. In our case, providing large ionic
currents of beryllium ions will allow a priori to obtain large ionic
currents for elements with lower ionization energy of atoms. The
dependence of the Be' current on the discharge current is shown in
Table 1. It can be seen that, with a discharge current of 400 milliamps,
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the implanter is able to provide a beryllium ion current at the level of
0.35 pA. The resulting beryllium ion current was used to implant
beryllium ions into the InSb matrix for 1 hour. The ion implantation
energy was 20 KeV.

Using the Atomika4000 instrument, secondary ion mass
spectrometry (VIMS) profiles of the Be' impurity distribution along
the depth were measured. The measurements were carried out using a
beam of primary O?" ions with energy of 7 keV. The depth of the crater
formed during sputtering was measured using a DEKTAK 3030
contact profilometer. Along with this, a simulation of the implanted
beryllium profile in the InSb matrix with energy of 20 keV was carried
out using the SRIM (The Stopping and Range of Ions in Matter)
program. Since the used program quite accurately predicts the
distribution profiles of implanted ions in a solid body, the comparison
of the measured beryllium profile and the simulated one will allow
assessing qualitatively the effectiveness of the coordinated work of the
created source and the BALZERS MPB-202 ion implanter.

Figure 2 shows the measured and modelled profiles of the beryllium
impurity distribution along the depth. It can be seen that, within 1
hour, the beryllium source in the BALZERS MPB-202 implanter is able
to provide a concentration of beryllium in the distribution maximum
at the level of 10' atoms/cm®. The shapes of the measured and
calculated distribution profiles are similar, which confirms the
formation of a hidden layer for the used materials.

In this way, we can talk about the successful design of the developed
source for this type of implanters. In addition, a ‘lifetime’ study of a
beryllium-cathode ion source was conducted. The obtained ‘lifetime’ of
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% 104 -F4% E g
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Fig. 2. Profile of the distribution of Be* implanted with E = 20 keV along the
depth in the InSb matrix.
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TABLE 1. Dependence of the beryllium beam current on the discharge
current.

I, pA 100 150 200 250 300 350 400
Iget, pA | 0.07 0.08 0.1 0.13 0.16 0.2 0.35

the ion source was of 16 hours at a discharge current of 400 mA. The
measured profile of impurity distribution in depth and simulated
using the SRIM 2018 program are presented in Fig. 1.

As shown in Fig.1, the real profile of the implanted impurity
coincides with the theoretically calculated one.

4. CONCLUSION

A study of the ‘lifetime’ of an ion source with a beryllium cathode was
carried out. The ‘lifetime’ of the ion source was of 16 hours at a
discharge current of 400 mA.

The developed highly-efficient source with a cold cathode of the
Penning system is capable of providing high currents of the ion beam
from the following materials: Fe (9.6 nA), Cu (11 pA), Mo (9.7 nA), Al
(23 pA), Ti (12 1A), Be (0.3 pA). No source with a cold cathode can
provide the currents for the above-mentioned elements.
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Spin waves in antiferromagnets are promising alternative for replacing sem-
iconductor technologies in future computational devices. One of the unique
features of antiferromagnets is the availability of two spin waves with dif-
ferent chiralities—right-handed and left-handed ones. This degree of free-
dom, in addition to their phase and amplitude, can be used to create modern
computational devices. The search for an effective method to separate and
control the two modes in antiferromagnets is now attracting the increasing
attention. Previous studies have demonstrated that an electric field can ma-
nipulate antiferromagnetic magnons of different chiralities. However, the
influence of the Aharonov—Casher effect on the damping right-handed and
left-handed spin waves has not been fully investigated. In this work, based on
Landau-—Lifshitz—Gilbert equations with Rayleigh-dissipation functional, we
show that the applied electric field could effectively control the damping of
the spin waves with different chiralities. Temporal attenuation of the right-
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handed and left-handed modes has a shift along the wave-vector axis, which
is directly proportional to the magnitude of the electric field. The relation
between the damping parameters in the Rayleigh-dissipation functional
plays an important role in dissipation behaviour. Our results show that the
magnon lifetime depends on the electric field and dissipation parameters and
is different for distinct chiralities. We believe our findings will encourage
further investigation into dissipation processes in antiferromagnets and
their impact on magnonic devices.

Key words: spin-wave dynamics, antiferromagnets, Aharonov—Casher effect,
damping, Gilbert damping, right-handed and left-handed polarizations, Lan-
dau-Lifshitz—Gilbert equation.

CoimoBi xBuyi B aHTH(EPOMATHETHMKAX POBIVIANAIOTHCA AK IIEPCIEKTHBHA
ajbTepHATUBA HAIIiBIPOBITHUKOBUM TEXHOJIOTiAM B MaWOyTHiX o6umcJIroBa-
JbHUX IpucTPoax. OxHie0 3 KIIYOBUX 0COOJIMBOCTEN aHTU(DEPOMATHETHKIB €
HaABHICTb IBOX CHIiHOBUX MO 3 Pi3HMMM XipaJIbLHOCTAMHU — IIPABOCTOPOH-
HBOIO Ta JiBOCTOPOHHBOIO. Ilelt momaTkOBUI CTYIIiHE CBOOOAM, Pa3oM i3 ¢a30io
1 aMIIiTynoio, MoKe OyTH BUKOPUCTAHUN [JIA CTBOPEHHS HOBiTHiX MarsHoH-
HUX 00YmCcI0BaJILHUX cucTeM. I1omyk eheKTUBHUX METOZIiB POSIIEIJIEHHA Ta
KepyBaHHA 3a3HAUEHUMU MOJaMU B aHTH(epoMarLHeTukax Hapasi € mpemme-
TOM aKTUBHUX JOCJiIKeHb. [[OCTiIKeHHA TOKa3yIOTh, ITI0 34 JOIIOMOTOIO eJie-
KTPUYHOTO IIOJIS MOYKHA KepyBaTH aHTHU(ePOMarHeTHNMU MarLHoHamu 3 pPis-
HOIO XipambHicTio. BomHouac BoiiuB edeKkTy AaponoBa—Karepa Ha sracamus
CHiHOBMX XBWJIb 3 IIPABOIO Ta JIiBOIO HMOJIAPUSAIIAMU 3aJIUIIAETHCA HEJOCTAT-
HBbO BUBYEHUM. ¥ [OaHili poboTi Ha ocHOBi piBHAHBL Jlanmay—Jlimruia—
I'inGepra 3 ypaxyBarnHAM dyHKIioHaNY PeneitoBoi nucunanii mpogemMmoucTpo-
BaHO, II[O0 IIPUKJAJEHE eJIEKTPUYHE II0Jie 34aTHe e(PeKTUBHO KOHTPOJIIOBATHU
3racaHHsa CIIiHOBMX XBUJb 3 pPisHOIo xipanbHicTio. IlokasaHo, 1110 yacoBe 3ra-
CaHHS ITPABOCTOPOHHIX i JIIBOCTOPOHHIX MOJ CYIIPOBOAKYETHCA 3CYBOM y3-
IOBXX OCi XBHJIBOBOTO BEKTODPA, AKWUI € IPAMO IPONOPIiMHUM AO BEJINUYNHU
€JIEKTPUYHOTO 1I0JiA. BCTaHOBIEHO, IO CHiBBiAHOIIEHHA MiXK IIapamMeTpaMu
dyurnionary PemeiioBol gucunanii Bizirpae BusHavaabHy POJIb Y AUCHUIIAIITL.
PesysnbraTu poboTu cBifuaTh, 110 Yac YKUTTA MArHOHIB BaJIEIKUTDH Bif €JIEKT-
PHUYHOTO II0JIdA, TapaMeTpPiB Aucumnaii Ta BigpisHAETHCA 114 PiBHUX XipaJIbHO-
creit. Omep:kaHi BUCHOBKY BiIKPWBAIOTH MEPCIEKTUBYU IJIS IMOAAJBIIOTO BU-
BUEHHJA MeXxXaHisdMiB amcumnarlii B anTu(epomMarseTukax i IXHpOro BIJIMBY Ha
MATHOHIKY.

Karouogri cioBa: nuHamMika cmiHOBUX XBWIb, aHTH(EpOMarneTuky, ehext Aa-
pouoBa—Karmiepa, nucumarisi, I'inmbeproBa gucumaTmBHA KOHCTAHTA, IPaBOC-
TOPOHHA Ta JiBOCTOPOHHA mHoJApumsalii, piBHanua Jlaagay—Jlipiruiga—
T'in6epra.

(Received 2 June, 2025; in final version, 16 June, 2025 )

1. INTRODUCTION

Magnonics [1], a recent branch of condensed matter physics, has
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gained significant interest due to its potential to use spin waves (SWs)
as carriers of information in electronic devices [2]. Spin waves can
propagate without Joule heating and allow high operational speeds.
Antiferromagnets (AFMs), due to the antiparallel arrangement of the
two magnetic sublattices, can simultaneously support left-handed and
right-handed polarized spin waves (SWs), providing an extra degree of
freedom—chirality. Due to their stability to small field perturbations
and absence of the stray field, AFMs are promising candidates for de-
veloping devices that incorporate spin waves.

Currently, there are several methods for manipulating SWs, for ex-
ample, magnetic field, a Dzyaloshinskii—Moriya interaction in curvi-
linear magnets, spin-transfer torque, spin—orbit torque, spin Seebeck
effect, voltage-controlled magnetic anisotropy, optical methods, and
electric field. We will focus on the electric (E) field effect based on the
so-called Aharonov—Casher (AC) effect [3, 4]. The AC effect, a quan-
tum mechanical phenomenon like the Aharonov—-Bohm effect, appears
when a neutral particle with a magnetic moment moves under the ef-
fect of an E field and acquires a phase shift in the particle’s wave func-
tion. In work [5], Cao and co-authors have demonstrated that the AC
effect influences SWs propagating in a ferromagnetic ring when an E
field is applied. Recent theoretical [6, 7] and experimental [8, 9] stud-
ies have demonstrated that the AC effect could impact SW propagation
by using a static electric field in various magnetic systems, including
AFMs, providing a mechanism for electric-field-based control of mag-
non dynamics.

It has been shown that in the first approximation, the influence of
the AC effect on SWs can be mathematically represented as a
Dzyaloshinskii—Moriya (DM)-like interaction [10, 11]. DM interaction,
a form of antisymmetric exchange coupling, plays a crucial role in chi-
ral magnetic systems with breaking inversional symmetry, resulting in
SW nonreciprocity. In this context, the AC effect could effectively
modify the spin-waves’ dispersion relation in a symmetric crystal, lift-
ing the energy degeneracy of two magnon modes by the applied electric
field. As aresult, SWsin antiferromagnetic materials can be distinctly
separated into right-handed and left-handed modes [7].

One of the methods to split SWs in an AFM with different chirality
is toinduce the DM interaction, for example, by bending a material and
breaking its symmetry. One of the disadvantages of this method is that
one should bend it again to change the spin wave spectrum. At the same
time, using the AC effect allows one to change the spin-waves’ spec-
trum by applying an electric field, which is easier to incorporate in real
devices. The unique advantages of this method include the strength
and sign of the E field, which can be controlled, and the switchable
nonreciprocity, which provides a potential platform for the design of
magnonic devices.
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Despite all advances in magnonic research, one critical aspect of SW
dynamics remains unexplored. It is the influence of the AC effect on
SWs energy dissipation. This article is dedicated to this question. Un-
derstanding how damping is affected by the topological AC effect is es-
sential for a comprehensive description of magnons’ dynamics and prac-
tical applications in antiferromagnetic-based magnonic devices[1, 12].

The dynamic characteristics of a dissipative (or absorbing) medium
with finite damping include both real and imaginary components and
are thus complex. There are two possible representations of the fre-
quency and wave vector to describe the complex dispersion relation.
One is the real frequency ® and the complex wave vector
k = Rek + iImk; the other is the complex frequency o =Rew +ilmw and
the real wave vector k, which is used widely in magnetism and
spintronics communities. One can choose one of the two representa-
tions depending on the problem under investigation. The real ® and
complex k focus on how the wave vector is affected by damping, and it
is adequate to investigate the damping effect on propagating waves
(see, for example, [13]). The complex » and real k focus on how the fre-
quency is affected by damping and describe the damping effect on the
resonance, including the uniform magnetization dynamics. In this re-
port, we use the last combination to demonstrate how the applied elec-
tric field modifies the SWs energy and damping in the two-sublattice
AFM insulator. To derive analytical solutions, we used the set of the
Landau—Lifshitz—Gilbert equations. There are two common options for
how to adjust for damping: (i) including only the intrasublattice com-
ponent [14], or (ii) a combination of intrasublattice and intersublattice
components [15—17]. We will show how each of these options could
modify the temporal damping, a so-called SW-regime [18], i.e., spec-
trum width.

The paper is structured as follows: in the next Section, we will pro-
vide a brief explanation of the model used. In Section 3, our main re-
sults are presented. Section 4 is dedicated to discussing the results and
presenting the conclusions derived from the study. Finally, we express
our gratitude in acknowledgments.

2. THEORETICAL DETAILS

We consider the easy axis AFM consisting of two equivalent sublattic-
es with magnetization M; and M;. Further, for convenience, we will use
unit vectors m;=M;/M,, where i is the sublattice number (i=1, 2),
M5 || Oz is sublattice saturation magnetization. Figure 1 shows the sys-
tem view, where the electric field E is applied along the y-axis and
magnons propagate along the x-axis.

Assuming the sublattices are equal and an AFM is symmetric under
sublattice permutations, the free energy F(m) of the system under con-
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Fig. 1. Schematic representation of the antiferromagnet under electric field
effect. Thin blue arrows along z direction and thick red arrows along —z direc-

tion indicate the magnetization of the first and second sublattices according-
ly. Electric field E || Oy, wave vector k || Ox.
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The first two terms describe nonhomogeneous intrasublattices ex-
change coupling with a constant A, and homogeneous intersublattices’
exchange coupling with a constant J. The next term corresponds to
magnetocrystalline anisotropy with the anisotropy constant K. Here,
the anisotropy along the z-axis is considered. The last term describes
the effect of the electric field. In the first approximation, the AC effect
mathematically could be incorporated in the form of the DM-like inter-
action D(m;xmy) [10, 11], where D is the vector depending on the ap-
plied electric field [6]:

D=J;—aExe125dExel2. (2)

SO

Here, a is the distance between magnetic ions, e is the charge of the
electron, e;s is unit vector in the direction connecting the ions from
different sublattices, Eso is energy of the spin—orbit interaction that
inversely depends on the strength of the spin—orbit coupling. Recent
studies [6] have shown that in some materials, Eso could be around 1—
3 eV, which makes this interaction valuable. As follows from Eq. (2), to
achieve the maximum contribution from this interaction, the wave
vector k, the magnetization m;, and the electric field E should be or-
thogonal as in Fig. 1.

A phenomenological approach utilizes the Landau—Lifshitz—Gilbert
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equation to describe the dynamics of magnetic materials. The equation
with the dissipation term R is given by:

om

ot
where H*® =—dF/dm; is the effective field, y = gu,u, /i is the gyro-
magnetic ratio (here, g is the g factor, Lo is the magnetic permeability
of the vacuum, g is the Bohr magneton, / is the reduced Planck con-
stant). In ferromagnets, the Gilbert dissipation term looks like
R = acmxom/0t. When considering two-sublattice magnets, a question
arises about how to account for the dissipation term. Some recent
works [15, 16] argue for using the Rayleigh-dissipation functional as a
matrix 2x2 with different damping coefficients. Thus, the two-
sublattice magnet is described by the system of two torque equations
with intrasublattice (o1, az22) and intersublattice (o2, 0i21) damping co-
efficients, which looks like:

=-ym xH" + R,

om
om, = —ym, X H;ff + oy, my X L+ oy,m, 2,
om, =—ym, x " + a,,;m I 4oy, x e
o 2 9 2y X 22fMlp X

In AFM with equivalent sublattices, the number of damping parame-
ters reduces to intrasublattice (a=o0u1=02) and intersublattice
(oe = 012 = 0l21) ones. It should be noted here that the damping within a
sublattice should be greater than the damping between sublattices. In
AFM, researchers commonly use one damping inside each sublattice a
[14, 19]. Neglecting a. implies that variables m; and m; are not directly
connected in the damping processes. However, the magnetization of
the two sublattices is coupled and cannot be missed during the discov-
ery of the magnetization dynamics [17]. As is shown in the next Sec-
tion, the E field also affects SWs’ intersublattice attenuation.

3. AHARONOV—-CASHER EFFECT ON TEMPORAL ATTENUATION
OF SPIN WAVES

We assume that the AFM is in the collinear state and consider SWs
with the frequency ® and wave k propagating along the x-axis, k || Ox,
such that

m; =xmy.exp(i(wt — kx)) + ymyexp(i(ot — kx)) + zm1.,

my = xXma.exp(i(wt — kx)) + ymaexp(i(ot — kx)) + zma.,

with a small deviation of the magnetization of the first and second sub-
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lattices along the z-axis |mi.|=|m2.|~ 1. After obtaining the effective
field from expression (1) and substituting it into the system of equa-
tions (3), we switch to circular variables defined as m;.=m.+im,,
mi-=mi—im;. This allows us to derive a matrix consisting of two
equations:

M . .
+—Sw-P-iocw -W,-ia —2o

¥ Ty (m“jzo. @

M M. M.
W, +io, — o + 28 o4 Pyio S |\
Y Y Y

Here, we introduce the next notation P=J + K+ Ak%, W,=J + kdE. The
determinant of this matrix describes the SW dynamics of the AFM. By
setting the real and imaginary parts to zero, we can find the spin waves’
energy w:{k) and damping I'«(k), using the substitution o = w(k) +il'(k).
We will provide the analytical expressions for these values below.

3.1. Spin-Wave Spectrum

It was shown earlier [7, 13] that the applied electric field splits the
SWs spectrum into right-handed and left-handed magnons. Here, we
demonstrate the AC effect on the SW dynamics in our system. We start
by setting to zero the real part of the determinant of matrix (4), which
gives us the next expression:

o, (k) = ML\/(Akz + kdE + 2J + K)(AR* T kdE + K) . 5)

S

The difference between the magnon frequency with right-handed polar-
ization, w., and left-handed polarization, w_, is in the sign of the electric
field term: kdE. The SW spectrum in the absence and the presence of an
applied electric field is depicted in Fig. 2. The shift along the wave vec-
tor axis is directly proportional to the magnitude of the applied electric
field. The greater the applied E field, the larger the splitting between
right- and left-handed polarization magnons’ energy. For visualization,
here and below, the following quantities were used Ms=3.5-10° A/m,
A=210"2J/m, J=5-10°J/m3, K=105J/m?3, lattice constant a=0.5nm,
and parameter of our system d =4.4-1072 C/m. We should point out that
reversing the direction of the applied electric field results in a swap be-
tween left- and right-handed SWs shift along the wave vector k.

3.2. Spin-Wave Damping

The interplay between magnons’ spin polarization and magnetic damp-
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Fig. 2. Splitting of the spin wave spectrum under the E field effect, Eq. (5):
Ei=50V/um, E2=10 V/um. The black line corresponds to E=0.

ing plays a crucial role in magnonics. We consider temporal decay,
which could be found in resonance experiments as the width of the res-
onance peak [20]. This effect of AC has not been considered earlier.

Substituting o = (k) + il'(k) into matrix (4), we can get from the im-
aginary part of the determinant the following expression for temporal
damping:

o(J + K + Ak?) — o (J t kdE)
M1+ 0o® - a?) .

I.(k) =y (6)

As we see in Eq. (6), the external electric field affects SWs’ damping
through intersublattice damping coupling. The E-field application
leads to the appearance of two attenuation functions I'.(k) and I'_(k).
Like the frequency characteristics, the shift of the two attenuation
curves depends on the value of the electric field (Fig.3). Figure 4
shows temporal attenuation I'+(k) at different values of the correspond-
ing frequency w«(k).

We also found the ratio between the width of the resonance and its
frequency I'+(k)/w+(k):

T.(k) _ oa(J + K + Ak*) — a (J + kdE)
o. (k) @1+0®- af)\/(J + K + AR?)? — (J + kdE)*

(D

Figure5 shows TI'«(k)/o«(k) at different damping constants:
a=0.005, 0.=0.001; a=0.005, 0..=0.004. As o. has antidamping be-
haviour, the bigger this parameter is, the lower the ratio I'«(k)/®(k).
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Fig. 3. The electric-field effect on the SWs’ damping, Eq. (7): E1=50V/um,
E>=10V/um. The black line corresponds to E=0. The damping parameters
area=0.01, a.=0.009.

A L
A
a
A
1.70 «T ﬂAAA
8
1.69 a T A.L‘.A
= A
N NS
51.68 (iR
. [\AAA *****
2= AAAA & at
~ A hod
1.66 288 L
A **
ab ex*
1.65} 40" L
4 ******
PET i i i -
90 100 110 =

Fig. 4. Influence

w/2n, GHz

of the electric field, E=50V/um, on the I'«(k) magnitude at

different values of the corresponding frequency w-(k). Here, we use the fol-
lowing damping parameters: .= 0.005, a.=0.001.

The peak of the function I'«(k)/w:(k) is shifted along the wave vector
axis and proportional to the electric field.

The next factor to be paid attention to is the damping coefficients
derived from Rayleigh-dissipation functional. Firstly, the existence of
the intersublattice damping, o., directly allows the existence of the dif-
ference between the temporal attenuation of right- and left-handed po-
larizations’ magnons. When o.=0, I'.(k) =I'_(k). So, the AC effect could
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Fig. 5. The electric field E =50 V/um effect on the dependence I'+«(k)/w=(k).
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damping parameters: a.=0.005, a.=0.004 (I'i+(k)/w1+(k), dash-dotted lines);
a=0.005, o.=0.001 (I'2+(k)/w2+(k), short and long dashed lines).

help to detect intersublattice damping parameters experimentally.

In insulators, damping parameters could be small 103-107 [21, 22],
but the ratio between them can significantly change the dissipation. The
coefficient o corresponds to the damping of magnetization dynamics,
while o, has antidamping behaviour. It was shown that these coefficients
could be different by several orders of magnitude, at least in Mn-based
antiferromagnets [23]. Authors [23] found that the damping coefficient
derived from magnon pumping is greater than the Gilbert damping com-
ponent. It means that a small difference should be between o and a., as
0L=0lg + Olsps Olc = Olgp. Thus, the authors [16, 23] point out the importance of
taking into account the intersublattice damping.

To the best of our knowledge, there is a lack of similar research for
AFM insulators, but we assume that there could be a noticeable difference
between o, and o.

The magnon lifetime is among the important parameters for practi-
cal applications. One could find it from the ratio (%, E)=1/I'(k, E).
Figure 6 shows the magnon lifetime of right-handed t.(k, E) and left-
handed t-(%k, E) modes depending on the electric field. In the absence of
an electric field 1. =1_, the higher the electric field, the bigger the dif-
ference between the magnon lifetimes of different modes. The lifetime
difference between the right- and left-handed magnons, depending on
the E field at different intersublattice parameters, is demonstrated in
Fig. 7. The higher the o. value, the greater the difference between the
lifetimes of the right-handed and left-handed SWs.
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4. DISCUSSION

Condensed matter physics is undergoing a revolution by introducing
concepts borrowed from topology to characterize the state and proper-
ties of a system. With the introduction of topology, the description of
complex systems moves to characterizing their global quantities,
which are measured non-locally and endow the system with global sta-
bility to disturbances. In magnetism, one vibrant example is the Berry
phase—the additional phase that the system’s wave function acquires,
depending on the trajectory, which it passes [24]. The Aharonov—Casher
effect, described in this article, is another special case of the topology
phase. The main advantage of such topological effects is their independ-
ence from local perturbations, which makes them a very valuable pa-
rameter for quantum technologies, spintronics, and magnonics. We
could expect that the AC effect will help to create topological magnons
[12].

As previously demonstrated in Ref. [7], applying an electric field to
an antiferromagnetic insulator, one could split the spin wave spectrum
into two independent branches, which we have additionally demon-
strated in the example of the system under consideration [13]. The spin
waves with right-handed and left-handed polarization could propagate
and attenuate separately. The splitting of the spin wave spectrum is
achievable by applying a magnetic field, for example, with spin—orbit
torque [25]. Nevertheless, an electric field could be a more efficient
tool for controlling magnetism without requiring large magnetic
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Fig.7. The difference between the lifetimes of the right-handed and left-
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fields, which are energetically inefficient and challenging to integrate
into nanoscale devices. Moreover, it is applicable for insulating mag-
netic materials.

There are several examples of practical applications of the AC effect
in the SW field-effect transistor [7] or SW interferometric devices [8].
However, these works did not explore the impact of the AC-phase
damping on magnon dynamics. Our results show that it could play a
significant role in the dynamics of right-handed and left-handed polar-
ized SWs. Considering topological effects like AC-induced without
damping could lead to incomplete models that fail to capture real-
world behaviour. Damping influences the lifetime and coherence of
SWs, which could affect the efficiency of magnonic devices. For in-
stance, the presence of damping can modify the nonreciprocal spin-
wave propagation induced by the AC effect, altering its practical ap-
plications. Incorporating dissipation into theoretical and experimental
studies is essential for accurately predicting device performance.

Integration of the topological effects in magnetism by electric-field
control opens exciting prospects for energy-efficient, scalable technol-
ogies in spintronics and magnonics. The synergy between topological
physics and electric-field-controlled SWs’ characteristics is expected
to revolutionize next-generation technologies, enabling faster, more
energy-efficient, and highly integrative devices.

In conclusion, our work shows how the electric field affects the tem-
poral attenuation of SWs in the insulating AFM. Damping of spin
waves with right and left-handed polarizations could be manipulated
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independently by the Aharonov—Casher effect. The higher the applied
electric field, the more visible this difference. The Aharonov—Casher
effect modifies spin-wave dynamics and allows the electric field to con-
trol propagation, magnon lifetime, attenuation, and energy of mag-
nons. The difference between the dynamical features of right- and left-
handed polarizations of SWs is mainly determined by the applied electric
field and the spin—orbit coupling in the material. In contrast to ferro-
magnets, in antiferromagnets, electric fields allow the use of polariza-
tion as an additional degree of freedom, offering new opportunities for
designing magnonic devices and topological spin wave logic elements.

This work was partially supported by the National Academy of Sci-
ences of Ukraine through the research program No. 0125U000295 (In-
novative materials for quantum sensing).
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Ferrimagnetic Properties of the FeCr:04 Chromite and TiFe:0,4
Titanomagnetite Minerals at High Temperatures

0. K. Kuvandikov, Z. M. Shodiev, Kh. B. Khasanov, B. A. Khairullaev,
J. Sh. Akhtamov

Samarkand State University named after Sharof Rashidov,
15 University Blvd.,
UZ-140104 Samarkand, Uzbekistan

Temperature dependence of the magnetic susceptibility of the FeCr:04 chro-
mite and TiFe:04 titanomagnetite minerals in the temperature range 300—
1300 K is studied. Based on the experimental dependences, the magnetic pa-
rameters of the samples are calculated: Curie temperature, Curie-Weiss con-
stant C, effective magnetic moment per one magnetic ion of the compound,
and magnetic moment per formula unit of the sample. The results obtained
are analysed in the light of available theoretical models.

Key words: magnetic susceptibility, chromite, titanomagnetite, magnetic
moment, paramagnetic Curie temperature, Curie—Weiss constant.

JocmimkeHo TeMIIepaTypHY 3aJIesKHiCTh MarHeTHOI CIIPUUHATINBOCTA MiHe-
pauiB xpomity FeCr204 Ta Turanomaraeruty TiFe:04 B iHTepBai TeMmeparyp
300-1300 K. 3a excrepuMeHTAILHUMU 3aJI€KHOCTAMU O0UYMCICHO MarHeTHi
mapamMeTpu 3pas3kis: Temmepatypy Kiopi, cramxy Kiopi—Beiticca C, epexTuBHMi
MarHeTHUH MOMEHT, IO IIPUIIafae Ha OAUH MAarHeTHUH HOH CIOJIYKU, Ta Mar-
HEeTHUU MOMEHT, IO IIpunazae Ha (GOpMyJbHY OAWHUINIO 3paska. Omep:kami
pe3yabTaTy MPoaHaai30BaHO B CBIT/Ii HAABHUX TEOPETUUYHUX MOIETiB.

KarouoBi ciioBa: MarueTHa CIPUAHATINBICTL, XPOMiT, THTAHOMATHETHUT, Mar-
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1. INTRODUCTION

The fundamental difference between an iron-containing mineral and a
rock is that the mineral, both in terms of its chemical composition and
its physical properties, is a relatively homogeneous body, while rocks
are aggregates of minerals consisting of a number of mineral compo-
nents[1].

The physics of magnetism is able to predict the magnetic properties
of materials from their structure; this also applies to rocks. However,
this approach is not optimal: it requires an in-depth study of the struc-
tural characteristics of the substance, which is not available in geo-
physical research. On the other hand, measuring the magnetic proper-
ties of rocks is not difficult even with a large number of samples [2].
The nature of the magnetism of rocks and the characteristics of the
factors that determine the patterns of distribution of the magnetic
properties of various rocks must be supplemented with empirical data
for the most common minerals of rocks and ores that cause magnetic
anomalies [3, 4].

The magnetic states of rocks and ores are of particular interest for
the physics of magnetic phenomena, since, due to the complex crystal
structure, the magnetic structures of these minerals are necessary for
understanding their key features [5]. There is little experimental data
on the magnetic properties and electronic structure of rock minerals at
high temperatures.

The study of the magnetic properties of rock minerals from the per-
spective of a mineralogist is extremely important. To date, the mag-
netic properties of these minerals have been studied mainly in their
magnetically ordered state, while their paramagnetic state has been
almost unstudied [6].

To date, the temperature dependence of the paramagnetic suscepti-
bility y(T) of pure iron has been measured in detail by many research-
ers [7T—9] in a wide temperature range covering its liquid state and in-
terpreted on the basis of the polymorphic and magnetic phase transi-
tions occurring in iron. According to the results of these studies, the
dependence y }(T) of iron is complex. y ! grows abruptly at the temper-
ature of the ferromagnet-paramagnet magnetic phase transition (®,
=1043 K); ! increases linearly in the temperature range 1043—-1183
K, and at the polymorphic transition a-Fe (b.c.c.)>y-Fe (f.c.c.) (at
1183 K) decreases abruptly; in the temperature range 1183—-1665 K, it
increases linearly, and during the polymorphic transition y-Fe (f.c.c.)
—d(a)-Fe (b.c.c.) (at 1665 K), it decreases abruptly; it increases in the
temperature range 1665—1809 K linearly, during melting (1809 K) ab-
ruptly, and then linearly. By now, the magnetic properties of the com-
pound of iron with non-magnetic metals at high temperatures have
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been little studied. This is due to the difficulty of making precision
magnetic measurements at high temperatures.

The purpose of this work is to study experimentally the y(T) de-
pendence of the iron-containing minerals chromite and titanomagnet-
ite included in the rocks of Uzbekistan. The dependences y(T) were
measured by the Faraday method using high-temperature vertical
pendulum balances in Al:Os crucibles and in an excess atmosphere of
purified helium in the high temperature range 300-1300 K. The max-
imum relative measurement error for y did not exceed 3% [8—11]. Rock
(mineral) samples were obtained from the Central Research Laboratory
of the Navoi Mining and Metallurgical Combine.

2. EXPERIMENTAL RESULTS AND DISCUSSION

The dependences y(T) were measured in the temperature range 300—
1200 K for chromite and 900-1300 K for titanomagnetite (Fig. 1).

Analysis of Fig.1 shows that, for the studied minerals of chromite
and titanomagnetite, y decreases with raising temperature, but the
temperature dependence is complex [12].

The measurement results are shown in Fig. 2 in the form of y (T)
dependence.

In Figure 2, it can be seen that the y'(T) dependences of the miner-
als chromite and titanomagnetite in the studied temperature range
have a nonlinear complex character: the slope (dy '/d T) of the (T de-
pendence for chromite at approximately 823 K sharply increases, and
at 933 K, it decreases; for titanomagnetite at 1043 K, it sharply in-
creases, and at 1173 K, it decreases. The y'(T) dependence for chro-
mite in the temperature ranges 300-823 K and 933-1173 K, and for
titanomagnetite in the temperature ranges 923-1043 K and 1183-

|l [-—Chromite
——Titanomagnetite

oy 104, g/sm?

200 400 600 800 1000 1200 T, K
Fig.1. Dependences x(T) of the studied Fig.2.y (T) dependences of the stud-
samples of chromite FeCr:04 and titan- ied chromite FeCr:0s+ and titano-
omagnetite TiFe204. magnetite TiFe:04 samples.
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1273 K, they are linear.
The linear nature of '(T) dependence in the specified temperature
range indicates that these dependences obey the Curie—Weiss law:
_ C
T-0,

X (1)

where C is the Curie—Weiss constant, ®, is the paramagnetic Curie
temperature.

Changes in the experimental dependences y '(T) of the samples un-
der study can be explained by the results described above for pure iron
[7, 8, 11]. The complex nature of % '(T) dependence of pure iron is
uniquely reflected in % '(T) dependences of the studied iron-based
compounds depending on temperature and the composition of non-
magnetic elements (0).

Consequently, changes in the 5 '(T) dependences of the studied sam-
ples occur due to magnetic and structural (polymorphic) phase transi-
tions that occur in them at certain temperatures [13]. In chromite at
823 K, there is the structural transition f.c.c.—b.c.c. in its cubic lat-
tice. In titanomagnetite at 1043 K, there is the structural transition
f.c.c.—Db.c.c. in its cubic lattice. These phase transitions are reflected
in the ¥ '(T) dependence of chromite FeCr.O, and titanomagnetite
TiFe;04 (Fig. 2) in the form of jumps at the temperatures of these tran-
sitions. Changes in the ¥ '(T) dependence in the studied minerals can
only be explained by structural (polymorphic) transitions that occur at
higher temperatures in Fe sublattices of these minerals[7,8].

From the experimental y '(T) dependences for the studied samples,
we calculated their main paramagnetic characteristics: Curie—Weiss
constants C, paramagnetic Curie temperature ®,, and magnetic mo-
ment per mineral chemical formula ps.. The calculation results are
shown in Table. Information for pure iron in Table was obtained from
[8]. Analysis of the table shows that the magnetic characteristics (0O,
and L) of the studied compounds are smaller compared to the magnet-
ic characteristics of pure iron. This can be explained by an increase in
the distance between the magnetic iron ions located at the sublattice
sites of the studied compounds. Due to this reason, the magnetic ex-
change interaction of electrons in the 3d-shell of iron ions, which are
responsible for the occurrence of magnetic ordering of the studied
compounds, decreases. O, is an energy measure of the exchange inter-
action.

Table shows that the values O, for the studied minerals are lower
compared to the values for pure iron (0, =1043 K). This is explained by
the fact that, if Fe3" ions are partially or completely replaced by Cr3*
and Ti*" ions in the crystal lattice of minerals, which in both structures
show a strong tendency to occupy octahedral positions, this will lead to
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TABLE. Calculation results.

Mineral T;Tgf:i“ée @, K |C, 10* smPg K| psor, s
1043-1183 1050 28,1 3.54

Fe 1183-1665 -2027 90 6.47
1665-1809 1100 25 3.34

Chromite FeCraOs 300-820 60 1340 15.51
930-1170 520 72.05 3.59

. . . 920-1040 850 250 7.48
Titanomagnetite TiFe204 11801270 910 55.56 35

a significant decrease in the Curie temperature.

The distribution of cations between octahedral and tetrahedral posi-
tions in the titanomagnetite lattice has been the subject of extensive
discussion [14]. According to neutron diffraction data, most of Ti*"
ions are located in octahedral positions. The spin moments of octahe-
dral and tetrahedral ions are directed in opposite directions. As the
number of Ti*" ions increases, the Néel point decreases. Fe3* prefers for
octahedral sites, the actual distribution between octahedral and tetra-
hedral sites may depend on both temperature and composition.

4. CONCLUSIONS

Based on the results obtained, the following conclusions can be drawn.
For the first time, the ¥ '(T) dependences of iron-containing minerals,
chromite FeCr;0,4 and titanomagnetite TiFe204, were measured at high
temperatures. It has been established that these 3 '(T) dependencies
obey the linear Curie—Weiss law.

Based on the experimental dependences of the studied minerals,
their main paramagnetic characteristics were determined.
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The thermodynamic characteristics of the MgSiOs—MgO system are deter-
mined using a modified form of the Shanker equation of state (EOS) known as
the ‘Higher Order Shanker (HOS) EOS’. This adaptation incorporates higher-
order terms into the Shanker EOS. The Higher Order Shanker (HOS) EOS is
evaluated against Stacey criteria to ensure consistency in the variation of the
pressure dependence of the isothermal bulk modulus. In a comparative analy-
sis, the thermodynamic properties obtained from the Higher Order Shanker
(HOS) EOS are contrasted with those derived from established classical EOS
models, alongside electronic contribution analysis. This demonstrates the
reliability of the proposed Higher Order Shanker (HOS) EOS for computing
thermodynamic properties for similar systems under higher pressures. Fur-
thermore, expressions for the bulk modulus and its pressure derivatives are
formulated and extended to the theoretical limit of infinite pressure. These
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derived expressions are valuable for conducting more intricate analysis of
higher-order thermoelastic properties.

Key words: equation of state, Stacey criteria, thermal expansion, Griineisen
parameter.

Tepmoxmuamiuni xapakrepucturku cucremu MgSiOs—MgO Bu3HaUEeHO 3 BUKO-
pucranaam moxudikosanoi ¢popmu llleHKepoBOro PiBHAHHA CTaHy, BiOMOTro
aK «lllenkepoBe PiBHAHHSA 3 YpaxXyBaHHAM BUIUX MOPAAKiB». Ila aganraiia
BKJITouae uwieHu Buiroro mopaaky llleakepoBoro piBHaHHS cTany. [llenkepoBe
PiBHAHHA 3 BpaxXyBaHHAM BUIIUX MOPAAKIB oriHeHo 3a Kpurepiamu Crelici,
006 3a0esmeuuTH Y3TOAMKEHICTh Y B3MiHi 3aJedKHOCTH i30TepMiuHOro
00’eMHOr0 MOyJId Bil TUCKY. ¥ MOPiBHANBHIN aHANi3i TepMoxgrHaMiUHi Bac-
TUBOCTi, ofep:kaHi 3 [IleHKepoBOro PiBHAHHA 3 ypaXyBaHHAM BUIIUX MOPII-
KiB, MMOPiBHAHO 3 TEPMOAWMHAMIUHNMU BJIACTUBOCTAMM, OJAEPKAHUMU 3 Bimo-
MuX Kjaacuuaux mozeais IlleHKepoBoTo piBHAHHA CTaHy, a TAKOXK 3 aHAJIi3010
eJIEKTPOHHUX BHecKiB. Ile memouCcTpye HamifiHiCTH 3aIPOIIOHOBAHOTO METOXLY
IITenkepoBOro PiBHAHHS 3 BpaXyBaHHAM BUIIUX IIOPAIKIB AJA PO3PAXYHKY
TEePMOAMHAMIUYHUX BJIACTHUBOCTEM MOAIOHMX CHCTEeM 3a BUCOKUX THCKiB. Kpim
TOT0, CPOPMYJILOBAHO BUPA3HU AJA 00’ €MHOTO MOIYJIA Ta HOTO MOXiTHUX 34 TH-
CKOM, AKi IIOIITMPEHO Ha TEOPEeTUUHY I'PAaHUII0 HecKiHUeHHOro TuCKY. 11i ome-
poKaHi BUpasu € IMiHHUMH [AJs IPOBEAeHHA OiJIbIT CKJIATHOI aHATIZW TePMOII-
PYKHiX BJIaCTUBOCTEI BUIITMX MOPAIKIB.

Karouori cioBa: piBHaAHHA cramy, Kpurepii Creiici, TemyoBe pPO3IIMPEHHH,
I proHaiiseHiB mapamerep.

(Received 16 January, 2024, in final version, 25 September, 2024 )

1. INTRODUCTION

The exact thermodynamic behaviour of the MgSiOs—MgO system as one
of the component of the Earth’s lithosphere is the field of interest for
modern mineralogical researches. Since 2004 [1,2], when
MgSiOs;—MgO was known to be the ultimate phase of the lower mantle
of the Earth, different studies are carried out on its thermodynamic
properties and its phase boundary conditions, so as to know more about
the D-layer of Earth in seismological scenario and are nowadays used
as input for geodynamics studies heling us to develop the theory re-
garding plate tectonics which explain the formation of Earth’s litho-
sphere. Equations of state (EOS) is the powerful tool for the exact de-
termination of thermodynamic variables in terms of pressure, volume
and temperature and it is also found helpful for studying the com-
pressibility and pressure induced phase transitions for geophysical
minerals at high pressures and temperatures [4—6].

The properties of geophysical minerals at extreme pressures and
temperatures recently estimated from EOS’s are obtained by simplify-
ing basic thermodynamic expressions like bulk modulus and thermal
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expansion taking into account of electronic contribution due to Helm-
holtz free energy and the properties thus computed by varying temper-
ature and pressure conditions are found to have low precision due to its
limitation as reported earlier for B-M EOS for solids for higher com-
pressions. This drawback was overcome by proposing EOS universally
[10] for solids having distinct kind of chemical bonding at extremely
high compressions. The dependences of potential energy E = E(r) (r be-
ing the interatomic distance) were in agreement with Rydberg’s model
of EOS[11,12].

An EOS based on volume dependent short-range forces in case of in-
teratomic potentials was developed by Shanker et al. [13, 14]. Howev-
er, the results reported earlier [7, 13] were not consistent with the re-
sults of Hama Suito EOS [15] derived from the first principle and based
on quantum statistical model (QSM-Model) and linearized augmented
plane wave method (APW-Method). In view of recent findings about
EOS based on potential energy function, focused studies are being
made to frame new EOS and require critical assessment to overcome
the present challenges of the Earth interior.

For achieving better consistency with the results of Hama Suito, in
the present endeavour, the previous developed Shanker EOS [13] has
been modified by considering the effect of the higher-order terms of
V/Vo, which were excluded in Shanker EOS. The consistency of modi-
fied EOS has been mapped with Hama Suito to follow the essential
Stacey criteria for pressure dependent bulk modulus dKr/dP at con-
stant temperature as a function of P/Kr; Kr being the isothermal bulk
modulus at pressure P. For rigorous consistency, the derived EOS has
been subjected to polymorphic lower mantle material MgSiOs;—MgO.
This system is of great importance as it provides understanding of evo-
lution of the Earth and helps in comprehending the seismic profile of
the Earth. In addition to this, the correctness of modified EOS is veri-
fied by comparing the results with (a) B-M EOS, (b) Vinet—-Rydberg
EOS, (¢) Shanker EOS, and (d) Stacey EOS.

The thermodynamic properties obtained using modified Shanker
EOS known as ‘Higher Order Shanker (HOS) EOS’ will be useful for
various applications of Geosciences and specially to the Earth’s behav-
iour at extreme conditions. For consistency of modify EOS, we have to
calculate the values of first-, second-, and third-order Grineisen pa-
rameter using to Stacey EOS and Modified EOS (HOS EOS) values un-
der high compressions.

2. MODIFICATIONS OF SHANKER EOS

Shanker EOS representing the relationship between P and V/V, can al-
so be obtained using the volume dependence. The volume dependent
force constant is approximated [15] as
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A=Af, (1)

where Ay does not depend on volume and f is volume or compression
V/V, dependent. Now, using Shanker’s approach [16] the expression of
P is given by

4/3
P(KJ =Ko (Vray. (2)
Vo Vo 7o

Equation (2) is the basic equation, which assists in deriving the EOS.
Shanker EOS has been obtained [17] using following form for f:

f=Q0+y+y*)exp(ty), 3)

where y =1 —% and t is the constant. For V=V,, f=fo=1.
0

Equation (3) is substituted in (2) as

4/3
pl V] Ko (Viay. (4)
Vo ﬁ)VO Yo

For getting more closer results with Hama Suito results at high
compressions, we replaced the value of f inducing the higher-order
terms as given by

f=Q+y+y*+y°). (5)

Using (4) and (5) resulted in the modified Shanker EOS named as
Higher Order Shanker (HOS) EOS.

EOS.
P=K,(V/v,)" x
1 2 6 2 3y 6 » (6)
x{[l—;+t—2—t—3j{exp(ty)—1}+y(1+y—?+y2_Ty+t—2jexp(ty):|
V.- 2 4
K, =K0(7) (1+y+y +y)exp(ty)+§P, (7)
0
1+ 2y +3y°
K, =é+ 1—éi l+Z t+ ( Y y) , (8)
3 3K, )|38 Vo| (1+y+y’+v°)

where t = K| —g and yzl—%.
0
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The above-mentioned mathematical relations expressed for P, Kr
and K, are employed to investigate pressure dependent properties in
the present study and the results obtained are explained in the subse-
quent section.

3. RESULTS AND DISCUSSION

We have obtained pressure P (cold pressure or pressure at reference iso-
therm) and isothermal bulk modulus Kr for MgSiOs—MgO system (For-
sterite, Wadsleyite, Ringwoodite, Perovskite, Akimotoite, and Post-
perovskite) taking the input data of Ko, K, and K, of earlier work [22].
The expressions obtained from various EOSs are written below.

B-M EOS.

P=Sr,(x - xs)[l Sl 1)} , )
_ %KO (Tx 7 —5x?)+ %Al (9x° —14x 7 +5x°7), (10)

K,
K

Kp= o2 [(K(; ~4)(81x° - 98x " + 2527 +§(49x7 —25x5)}, (11)
T

v 1/3
where x = [—J and A = K;-4.
0

VINET (Rydberg) EOS.

P = 3K,x*(1 - x)exp B(Kg —1a- x)}, (12)

K, = K0x2 {1 + {%(K(’) -Dx + 1} 1- x)} exp {S(Ké -1)1- x)} , (13)

.1 x(l—n)+2nx2
Kr=301
+(nx+1)(1—x)

+nx+2} , (14)

1/3
where x = |~ | and n =§(K(; -1).
Vs 2

SHANKER EOS.

P-K, (;]_m {(1 _1, t%j fexp (ty) -1} + y(l fy- %) exp(ty)} , (15)

o t
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1

V o 2 4:
K, :K0(70)3(1+y+y )exp(ty)+§P, (16)
1+2
gt (i P )1, v, (+2) || an
3 8K, )8 V| (1+y+y’)
where t = K _8 and y :1—1.
3 v,
Stacey [18, 19] has established an innovative method representing

K' = %With the dependence with % Stacey deduced reciprocal of

K’ as mentioned below:

In Y. K,°2 ln(l—K;£]+ £?—1 £, (18)
V,) K. k) |k K
£=[1—K;£j = (19)
. K
K’
1_1 1-2= £ (20)
K K| K K

Several attempts have been to formulate the equations of state.
However, they fail to satisfy the Stacey’s criterion [8, 19] Shanker EOS
and Higher Order Shanker (HOS) EOS, B-M EOS and Vinet EOS are
nearly linear supporting the validity of Stacey equations (linear or ex-
ponential form).

In addition, the polymorphic MgSiOs—MgO system (Forsterite,
Wadsleyite, Ringwoodite, Perovskite, Akimotoite, and Postperov-
skite) and their compressibility and phase transitions were studied by
using the different EOSs. Phase equilibria in the MgSiO;—MgO system
play a major contribution in the interpretation of the seismic profile of
Earth’s mantle. Recently, it was observed that olivine (OI) structure
converted into Wadsleyite (Wds) structure at the distance of 410 km
existing at 14-15 GPa and at the depth of 520 km at 17-18 GPa is cate-
gorised by Wadsleyite—-Ringwoodite (Rwd) transition [21]. The low
boundary present in the upper mantle (5650—670 km) around 23-24 GPa
is often designated to Ringwoodite (Rwd) to Mg, Perovskite, and Fer-
ropericlase (or Magnesiowistite) transition. This ‘layer D’ can be per-
ceived above the core—mantle boundary using seismic data studies.
Such type of studying is done by experimentally and an initial calcula-
tion. In the present work, measurements of P-V-T properties were us-
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TABLE 1. Values of input data for MgSiOs—MgO System.

Phase Ko K; Yo oox1078(K™)
Forsterite 127.4 4.30 1.066 22.599
Wadsleyite 169.0 4.14 1.185 20.295
Ringwoodite 187.4 3.98 1.210 18.909
Perovskite 252.0 4.38 1.700 22.594
Akimotoite 215.3 4.91 2.000 27.584
Postperovskite 253.7 4.03 1.670 22.274

ing Equations of State and the validity of the proposed equations of
state is tested for MgSiO;—MgO system. Subsequently, after assess-
ment of EOSs, we have also studied the equilibria of the transitions OI
to Wds, and Rwd to Bdg + Per.

The input data on K, K, y and v as used [21, 22] for assessment of
EOSs are tabulated in Table 1 with K/ =2.41(for lower mantle). We
have observed the variation of pressure (P), isothermal bulk modulus
(Kr) and their derivative with compression (K,) and shown in
Fig. 1-6, (a—c). The results for obtained equations of state are strongly
matched with measured data and are found to be consistent.

L0z 102 1.02
1 1 1 .
098 098 0.98 @
096 096 096 et
T 094 =094 B 094 il
092 092 s 092 -
09 09 K e
088 088 = 088 oo o
086
085 1w 15w 2 om0 10 20 m 2w 6 38 4 42
P (GPa) K, (GPa) K', (GPa)
a b c

Fig. 1. Variation of pressures(a), Kr(b), K ; (c) with compression for Forsterite.
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Fig. 2. Variation of pressures (a), Kr(b), K., (c) with compression for Wadsleyite.



608 S. GAURAYV, S.SHANKAR, ARVIND MISHRA et al.
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Fig. 3. Variation of pressures (a), Kr (b), K; (c) with compression for Ring-
woodite.
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Fig. 4. Variation of pressures (a), Kr (b), K, (c) with compression for Perovskite.
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Fig. 5. Variation of pressures (a), Kr (b), K ; (c) with compression for Akimotoite.
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Fig. 6. Variation of pressures (a), Kr(b), K, } (c) with compression for Postperovskite.
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In addition, the results of pressure Kr and K, are also in good
agreement with previously reported data computed using thermody-
namic model (electronic configuration) approach equations [21, 22]
and are labelled as R.;in Fig. 1-6, (a—c).

The B—M EOS is based on Euler’s strain theory and the Vinet (Ry-
dberg) EOS is based on the Rydberg potential function. Shanker EOS is
derived from the near force constant related to the potential energy
derivative [10, 11].

Values of Ko and K used in the present calculations are given in Ta-
ble 1. The results for P, Kr and K, as functions of V/V, down to 0.1 are
given in Fig. 1-6, (a—c). Stacey argued that results based on B-M EOS,
Vinet (Rydberg) EOS, and Shanker EOS agree well with results for For-
sterite, Perovskite, Akimotoite, and Postperovskite studied up to high
compressions. For Wadsleyite and Ringwoodite, the results obtained
from Shanker EOS are relatively close to those based on the electron
contribution equation [21, 22], but fail up to very high compressions.
However, the results obtained from Higher Order Shanker EOS (HOS),
which uses higher-order terms in this study, are more consistent up to
higher-order compression, supporting their claim [21, 22] and further
analysis help.

MgSiO;—MgO System

It is evident from Figs. 1-6, (a—c) that the values of P and Kr calculat-
ed from Egs. (6) and (7) present close agreement with the values ob-
tained from the HOS EOS, which is consistent with the Stacey EOS and
Electronic contribution equation [21, 22] results for the entire range
of compressions.

On the other hand, the results obtained from the B-M third-order
EOS, the B-M EOS, and the Vinet EOS deviate substantially from the
Electronic contribution equation [21, 22] at higher compressions; V/V,
is somewhat less than 0.80.

An advantage of the present EOS is that it can be written in the in-
verted form also, i.e., V/V, as a function of pressure. We have studied
the range of applicability of the present EOS for various solids with
different values of K . It has been found that the present EOS is valid
up to very high compressions for a material with K; <4 (Ring-
woodite—Fig. 3, a—c). For materials with 4 < K; < 4.38, (such as For-
sterite, Wadsleyite, and Postperovskite) the EOS holds good down to a
compression of V/V,=0.85. In the case of solids with K, > 4.38, such
as Perovskite and Akimotoite, the present EOS holds good only for
small compressions down to about V/V,=0.85.

For the Earth’s lower mantle, we have K; < 4 [1], and therefore the
present EOS is suitable for studying the variation of densities with
pressure for the entire depth of the lower mantle.
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Variation of First-, Second-, and Third-Order Grineisen Parameter
with Pressure

The ratio of y is a vital quantity in condensed matter physics as well as
Shockwaves and the field of geophysics. The anharmonicity of solids is
directly linked to the Griineisen parameter. The greater the value of v,
the greater is its anharmonic nature.

Important parameters like pressure as well as temperature of the
metal and core [8, 25]. One way to get the perfect EOS for a solid from
their response to shock-wave loading is to use a specific form of this
dependence in conjunction with Hugoniot shock. That is why it is im-
portant to achieve an independent form of Hugoniot shock or iso-
therm. The Grineisen ratio, used in shock physics, has not been done so
far. Therefore, the purpose of the present work we have to find the an-
harmonic behaviour of Forsterite, Wadsleyite, Ringwoodite, Perov-
skite, Akimotoite, and Postperovskite using the values (P, Krand K )
obtained by HOS.

The Stacey K-primed equation given below:

11 (] K\P 1
K' K, K, K

The expressions for higher-order pressure derivatives obtained
from (2) due to Stacey [20] are written as follows:

K”2

KK“:—( ,](KN—K;y (22)
KO

The expressions of y based on Shanker et al. [27] are given below:

1=A+B£, (23)

Y

where A and B are material dependent constants:

A=1/1,, (24)
BzKé[i—lj. (25)
Yo Yo

The subscripts 0 and o present values at zero pressure and infinite
pressure, respectively. We have used the following identity at infinite
pressure [28].

The most important reason for considering (16) at finite pressures is
that it leads to the boundary conditions for higher-order Griineisen pa-
rameters at infinite pressure which are identical to those derived in the
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preceding section using the principle of calculus. Equation (16), when
differentiated with respect to pressure, gives

2:3(1—1{'5), (26)
Y K

where ¢ is the second-order Grineisen parameter (3). Now, differenti-
ating (20) with respect to P, we find

2 ’
ﬂ—q—=B|:(KK”)£+K'[1—QH, (27)
Y v K K

where A is the third-order Grineisen parameter (8). (20) and (21) then yield

A= iP£+K’+q. (28)
1-K' = K
K
The input data used in calculations are taken in Table 1, 2. The input

data used in calculations are taken from and P, Kr and K, values from

HOS EOS ((6)—(8)). Values of KK" are determined from (22) of Stacey
and Davis [25]. Values of y, ¢ and A at different values of pressure are
calculated from Egs. (23), (26) and (28) respectively. The results have
been given here in Fig. 7-12. Values of y, ¢ and A for the Forsterite,
Wadsleyite, Ringwoodite, Perovskite, Akimotoite and Postperovskite
are compared with the corresponding values reported by Stacey EOS

and recent developed HOS EOS. Stacey [20] found that K is nearly

equal to gK{) . Calculated values of K’ reported in Table 2 also vali-

TABLE 2. Values of input data for MgSiOs—MgO System from equations.

, 3., 1., 1

Phase K, | a B | Ko=5K | v.=5K -¢
[20 and 25 ] [25]
Forsterite 4.30 0.938 -0.123 2.58 1.123
Wadsleyite 4.14 0.843 0.213 2.48 1.075
Ringwoodite 3.98 0.826  0.280 2.38 1.027
Perovskite 4.38 0.588  0.745 2.62 1.147
Akimotoite 4.91 0.501 0.781 2.94 1.307

Postperovskite 4.03 0.598 0.872 2.41 1.042
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Fig. 8. First- (a), second- (b), third- (c) order Griineisen parameter for Wadsley-
ite.

date the Stacey thermodynamic constraint [20,25]: K/ > 1 + y_.

Finally, we discuss that the higher-order thermoelastic properties
obtained in the present study are useful to estimate the cross deriva-
tives of bulk modulus with respect to pressure and temperature.

The results based on the Higher Order Shanker (HOS) EOS and the
Stacey EOS are compared in Fig. 7, a-12, c. The difference in the two
sets of values is substantial at low pressures. The results for the cross
derivatives of bulk modulus with respect to P and T are very sensitive to
the values of second- and third-order Grineisen parameter g and appear-
ing in Eq. (19). We have to calculate the higher-order Griineisen param-
eters, taking the values P, Ky and K, from two sets: (i) HOS EOS, (ii)
Stacey EOS. These are in good agreement with values obtained in the
present study. The results obtained in the present study and those re-
ported by Stacey EOS both reveal that values of y, ¢ and A for the For-
sterite, Wadsleyite, Ringwoodite, Perovskite, Akimotoite and Post-
perovskite shown in Fig. 7,a-12, ¢. As pointed out that, the model is
not satisfactory for Forsterite because of KK" values become negative.
At finite pressures our values of A are between 2 and 4 for the lower
mantle, and between 2 and 3 for the core. These values of A are not
much different from the Stacey—Davis values which are between 3 and
4 at finite pressures.



EXPLORING THE HIGH-PRESSURE EQUATION OF STATE IN EARTH’S MANTLE 613

i ¥
® s
1.2?2' G«Og..... 4.... -
. 35 .
1195 e 025 ° e o 3 ° -
- Ilég ° . = )2 ® = gg
1.8 * . O'éf 15
1175 . 7
i .- :
0w W % wm w w % 5 0 15 m » 0
P (GPa) P (GPa) P (GPa)
a b c

Fig.9. First- (a), second- (b), third- (c) order Grineisen parameter for Ringwoodite.

175 14 8,
\ 12° Pe
17s °e 5% e,
° 1 * . ° e °
185 °, 08 ° e, 4 @ °
o a
& o ° - J
= 1B ° . . 08 <3
155 * e . 04 z
15 02 1
145
6 0 2w B 440 0 % w w w # =0 % 1w »
P (GPa) P (GPa) P (GPa)
a b c

Fig. 10. First- (a), second- (b), third- (c) order Grineisen parameter for Perovskite.

205 18 7

24 ﬁ .. 600, o

@ y * o
195, 12 o, 5 Yoy & o
T ] .. ot %
- ° o °

185 . 08 ° o 3

15 ° . 06 2
175 L 04 1

17 02 0

0 0 20 30 40 50 00 19 = 80 40 50 4 10 20 30 40 50
P (GPa) P (GPa) P (GPa)
a b c

Fig. 11. First- (a), second- (b), third- (c) order Griineisen parameter for Akimotoite.

1.7| 15\. ﬁ‘.
1,65'.. %gt... 5-....-
16 . 1 e, . 4 e 0
=~ 155 .. =08 ° e <3
15 * 06 2
LI 04 1
145 0s
My—pw w # 3 Co 10 2 = 4 o %0 0 wm ®% 4 &
P (GPa) P (GPa) P (GPa)
a b c

Fig. 12, First- (a), second- (b), third- (c) order Grineisen parameter for Postperov-
skite.

o P, K, and K' values e P, K, and K’ values
of Stacey EOS of HOS EOS



614 S. GAURAYV, S.SHANKAR, ARVIND MISHRA et al.

Most of the calculations for the Earth interior were performed by
Stacey and Davis (2004) using the reciprocal K-primed equation. Ao
and A, were the exceptions. Subsequently, the method was developed
(Shanker and Singh, 2005; Shanker et al., 2009) for determining Ao and
Ao using the Stacey reciprocal K-primed equation. It should be men-
tioned that the expressions for KK” and KZ2K" obtained from the
Stacey reciprocal K-primed equation when using Shanker equation at
infinite pressure (Shanker et al., 2009) yield.

K!2
e = K(y) ¢

Equation (29) gives A.=1.54, 1.48, 1.42, 1.56, 1.79 and 1.44 for
Forsterite, Wadsleyite, Ringwoodite, Perovskite, Akimotoite and
Postperovskite respectively (1.38 for the lower mantle, and 1.81 for
the core). We note from (29) that L < K/ since K < K.

The results for the Forsterite, Wadsleyite, Ringwoodite, Perovskite,
Akimotoite and Postperovskite given in figs are similar to those report-
ed by Stacey EOS values. y, ¢ and A all decrease with the increase in pres-
sure. At infinite pressure, ¢g.. and A. remain positive finite. It should be
mentioned that (16) is more suitable for geophysical applications since P
and K both are available directly from the seismological data.

An equation of state is physically acceptable only when it satisfies
the thermodynamic constraints [5] viz. K| must be greater than 5/3,
A» must be positive finite, and A, must be less than K . In case of the
Birch-Murnaghan equation, we have K’ =3, and A.,=2/3 [8]. This
equation thus satisfies the thermodynamic constraints, but yields the
pressure-volume data [16], which deviate much from the seismological
data [5]. For the Vinet-Rydberg equation [14], we have K/ = 2/3, and
A»=1/3. Although this equation satisfies the constraint that A_< K_,
but it fails to satisfy the fundamental constraint [5] K > 5/3.

This equation thus violates the constraints viz. K/ > 5/8 and 1. > 0.
To conclude, a physically acceptable equation of state must satisfy all
the thermodynamic constraints as specified above, and it should be ca-
pable of predicting not only the pressure—volume relationship but also
the higher derivative thermoelastic properties of materials in agree-
ment with experimental data. The Stacey reciprocal K-primed equation
is found to fulfil these requirements and HOS equations results close to
Stacey EOS results.

In the limit of extreme compression V — 0, P tends to infinity, K also
tends to infinity, but their ratio P/K remains finite. K decreases with
the increase in pressure and attains a minimum constant value K’ .
This is because K becomes linear in P (directly proportional to P) in the
limit of infinite pressure [2, 3]. Under this condition, the following
identity has been found to hold [19, 20].

A

(29)
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where the infinite subscript denotes the respective parameter at infi-
nite pressure. (1) displays that the expression [1 -K'P/K ] reaches
zero at extreme pressure and likewise exhibit the variation of a. The
subsequent expression for a(P) can be written as[23, 24].

a=a,[1-K'(P/K), (31)
where o, is the thermal expansion at P =0 and ¢ is the constant depend-
ent on material properties. The validity of (16) has been demonstrated
for the Earth lower mantle [25] with ¢t =1.13. The Higher Order Shank-
er equation was used for obtaining thermal expansion and the corre-
sponding input parameters [21] are also tabulated in Table 2. Values of
a(P) with compressions are shown in Fig. 13. The values of thermal ex-

pansion obtained using modified EOS display strong correlation with
the measured data[21, 22].
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Ringwoodite (¢), Perovskite (d), Akimotoite (¢) and Postperovskite (f) as a
function of pressure MgO-MgSiOs system.
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4. CONCLUSIONS

Shanker Equation of State (EOS) has been modified by including high-
er-order terms. The modified equation has been studied for fundamen-
tal MgO system, and, for validation, it is compared with phenomeno-
logical EOSs. The modified EOS for solids follows Stacey formulation
under high compressions and is more reliable. The results obtained
from modified EOS for MgSiOs;—MgO System are found to be in agree-
ment with the experimental data. These results indicates that the cor-
rectness of the modified EOS and confirm that it can be used for de-
termining thermoelastic properties of MgSiOs; system at high pressure
and high temperatures.

The equation’s main feature is fewer input parameters are required,
which are easily available by experimental studies. These equations
may be frequently employed as the thermal equation of states of
Earth’s minerals. It uses various advanced quantum methods and sim-
ulations at the pressure and temperature of the Earth’s interior. This
study follows the basic laws of thermodynamic in regard to expressions
at high-pressure. It also allows extrapolation to regions for which ex-
perimental data are not available.

As fewer studies have been done, so proposed study attempts to in-
vestigate the elastic properties of MgSiO; system under high pressure.
The results for the Forsterite, Wadsleyite, Ringwoodite, Perovskite,
Akimotoite and Postperovskite, given in Figs. are similar to those re-
ported by Stacey and Davis [25]. As pointed out by Stacey and Davis
(2004), the same formula for an equation of state works satisfactorily
for different phases provided we use appropriate values of input pa-
rameters such as K, and K/ which are different for the lower mantle,
outer core and the inner core of the Earth.

The present HOS EOS results are similar to Stacey EOS (6) proves
particularly advantageous for geophysical applications, as both P
(pressure) and K (isothermal bulk modulus) can be directly obtained
from seismological data. The applicability of the Higher Order Shank-
er Equation of State (HOS EOS) extends beyond geophysics, demon-
strating its relevance in the study of Bulk Metallic Glasses [29]. More-
over, the HOS EOS can be reliably extrapolated to high r pressures, en-
hancing its utility for interpreting recent experiments in high-
pressure research.

The ability to apply the same methodology to both complex minerals
and BMGs underscores its robustness and utility in diverse scientific
investigations, making it a valuable tool for researchers exploring a
range of materials and their behaviours.

Therefore, the new EOS can contribute to the planning of high-
pressure experiments in the future on compression behaviour of Earth-
forming minerals and solids.
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Brazing and Metallization of Zirconia Ceramics with Ni—Cr-Ti
Filler to Fabricate Products Operating at High Temperatures

0. V.DurovandT. V. Stetsyuk

1. M. Frantsevych Institute for Problems of Materials Science, N.A.S. of Ukraine,
3 Omeljan Pritsak Str.,
UA-03142 Kyiv, Ukraine

Ni—Cr-Ti system is considered as filler for ZrO:-ceramics brazing and metal-
lization because of its high melting temperature. The contact angle near 40°
is reached for (Ni-56Cr)-15Ti composition; the adhesion is provided by the
formation of an oxidized titanium transition layer on the interface. A meth-
od of spreading the nickel-chromium melt on titanium plate is elaborated for
metallization and brazing. A mix of metal powders and an infiltration of
nickel-chromium melt through titanium powder on ceramics surface or in
brazing gap are also used. The method of spreading shows the better results
because high-disperse titanium oxidizes with oxygen from zirconia.

Key words: brazing, metallization, zirconia, wetting, infiltration, spreading.

Cucremy Ni—Cr—Ti 6yJ10 pO3TIAHYTO AK IPUIIOTOK IJIA JIOTYBaHHSA Ta METaJIi-
samii ZrOz-kKepamMikuy, 3BasKao4uu Ha 11 BUCOKY TeMIepaTrypy TomiaeHHA. [[ia
rKommosuii (Ni-56Cr)-15Ti nocarmyro kpaiioBuit Kyt 6sm3sko 40°; axresia
3a0e3meuyeThCA YTBOPEHHAM IIePeXifHOTO MIapy OKMCHEHOr0 TUTAHY Ha MeXKi
noxiny. Pospobiieno croci6 merasisariii Ta JIIOTYyBaHHA PO3TiKAHHAM HiKeJb-
XPOMOBOT'O PO3TOIMY IIO TUTAHOBi# miacTtuHi. Takox BUKOPUCTAHO CYyMiIlT Me-
TaJIeBUX IIOPOIIKiB i TPOCOUYyBaHHA HiKeJIb-XPOMOBOTO PO3TOITY Uepe3 TUTAHO-
BUI IOPOITIOK Ha ITOBEPXHi KepaMiku abo B yiroTiBHOMY 3a30opi. Metox posTi-
KaHHA MOKAa3aB JIITIII pe3yabTaTi, OCKIIbKY BUCOKOAUCIIEPCHUI TUTAH OKUC-
HIoeThesa OKcurernom 3 giokcuny Il upkoHito.
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1. INTRODUCTION

At the moment, the methods of brazing of ceramic materials, including
zirconia based, have been developed, which provide quite high charac-
teristics of brazed joints [1, 2]. Titanium is used as an adhesive-active
component of such solders. The disadvantage of these technologies is a
relatively low melting point of fillers. The operating temperatures of
such joints do not exceed 600-700°C. However, currently there is an
increasing need to produce solder joints operating in extreme condi-
tions with operating temperatures of 900-1000°C, while parts contain-
ing these joints are required in many high-temperature use (turbines,
internal combustion engines, electron beam equipment, fuel cells, elec-
trolysers, etc.). Therefore, it is important to develop methods for ob-
taining ceramics compounds with high operation temperature. Basical-
ly, such technologies are developed for oxygen-free ceramic materials
[3—7]. Zirconium is by a solder in many applications, but is little used
for oxide ceramic materials. Therefore, it is important to test high-
temperature active metal melts as fillers for ZrO;-ceramics brazing or
metallization.

2. MATERIALS AND METHODS

Dense ceramics based on zirconia, partially stabilized 3.5 at.% of yt-
tria, high purity nickel, chromium (not lower than 99.997%), iodide
titanium, high-pure powders of nickel, chromium, and titanium were
used in the experiments. The composition of nickel-chromium (54
at.% Cr) alloy corresponding to eutectic one [8], with the melting point
of 1618 K, was chosen as a solvent of active metal, to which various
amounts of titanium were added. This composition has relatively low
melting temperature and high enough concentration of chromium
providing the heat resistance. This alloy was prepared by remelting
appropriate amounts of components in vacuum in alumina crucibles.
For brazing experiments, titanium foil 0.2 mm thick was also used.

Surfaces of ceramic samples for wetting experiments were polished
with a diamond paste of 0.7—0.3 um. In the brazing operations, ceramic
disks of 10-mm diameter were joined to disks of 15-mm diameter.

Wetting was studied by the sessile drop method at 1350°C. The ex-
periments were performed in vacuum no worse than 1073 Pa; images of
the drops were obtained using a high-resolution digital camera.
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Three methods for metallization or brazing were used.

For the first method, a mix of chromium, nickel and titanium pow-
ders was prepared and was painted on the surface of the ceramic for
metallization or in the brazing gap. Then, samples were dried and an-
nealed in vacuum.

For the second technique, titanium powder was applied to the sur-
face of the ceramic disk or in the brazing gap between the joined discs.
After drying, the samples were weighed, and a piece of Ni-54Cr alloy
was situated on the layer of Ti powder; samples were annealed in vacu-
um. Titanium powder is easily impregnated with metal melts, then,
dissolves in them and acts as an active addition that provides metal ad-
hesion to solid oxide.

According to the third technique, on the surface of ZrOs-ceramics or
between the brazed details, a titanium plate of 0.2-mm thickness was
situated, on it placed a piece of Ni-54Cr alloy; the samples were an-
nealed in vacuum. After melting, the nickel-chrome-liquid filler
spreads on the titanium plate, covering the surface intended for metal-
lization or penetrating into the brazing gap, and dissolves the titani-
um, thus, formed a melt with high adhesion to ZrO,.

3. RESULTS AND DISCUSSION

The results of experiments on wetting of the ZrO:-ceramics by
Ni-Cr-Ti melts are presented on Fig.1 as the dependence of the con-
tact angle on the atomic concentration of titanium in melt.

The addition of titanium improves significantly wetting of ceram-
ics; at 15% of titanium, the contact angle is of about 40°. This is
enough for brazing [9]. In addition, it needs to note that the equilibri-
um contact angles were reached during not more than 5 min; it is fast
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Fig. 1. The dependence of contact angle on titanium concentration in Ni-54Cr
melt for wetting of ZrOz-ceramics.
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enough. The darkening of ceramics was observed, apparently due to
the loss of oxygen with the formation of a non-stoichiometric phase,
which is characteristic for contact of zirconia and metal melts contain-
ing titanium [10]. Unlike [10], where dark areas with a strict boundary
were formed in the volume of ceramics, in these experiments, ceramic
samples darkened within all volume. Since the spread of the dark area
is a diffusion process [10], its acceleration in these experiments is ex-
plained by the increase in temperature that intensifies diffusion.

From the sample, where the drop of the (Ni-54Cr)-10Ti melt solidi-
fied on the ceramic surface, the cross-section was fabricated; the mi-
crophotography of the ceramics—metal interface after etching with
nitric acid is represented in Fig. 2.

The alloy of the solidified drop has a eutectic structure (dark areas
correspond to a phase rich in nickel) consisting of a matrix enriched
with nickel, where grains of a phase enriched with chromium are dis-
tributed. There are no noticeable differences in the distribution of
nickel or chromium near interface and in the depths of the drop. A thin
transition layer presents in the interface; probably, it consists of oxi-
dized titanium, providing adhesion of the metal to the solid oxide, asin
other systems [9]. The thickness of the layer is uneven; obviously, it
has an island structure.

Since sufficient wetting was reached and the adhesion of the drop to
the substrates was high, the (Ni-56Cr)-15Ti composition was tested as
filler for brazing and metallization of the ZrOs-ceramics by the meth-
ods described above. The temperature was of 1350°C; holding time—
5 min. Photographs of some samples are represented in Fig. 3.

In all metallization methods, satisfactory results were obtained: the
metal layer was kept on the surface of the ceramics firmly enough.
When using the method of the nickel-chrome on the titanium plate

Fig. 2. Microphotography of the ceramics—metal interface for the
(Ni-54Cr)-10Ti drop solidified on the surface of ZrO:-ceramics after the etch-
ing.
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Fig. 3. Samples of ZrO:-ceramics metallized (a) and brazed (b) by nickel—
chromium melt spreading on titanium plate.
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Fig. 4. The Weibull plot for shear strength of ZrQO:-ceramics to itself joints
brazed by spreading of nickel-chromium melt on titanium plate.

spreading, the metal surface was the cleanest and homogeneous
(Fig. 3, a); for methods using a mixture of powders and the infiltration
of the nickel-chromium melt through the layer of titanium powder,
signs of coating oxidation are noticeable.

The shear strength of the joints brazed using the mixture of powders or
infiltration was no more than 40 MPa. However, the strength of the joints
obtained by spreading of the solder on the titanium plate was of
86-98 MPa; the Weibull plot for these strength values is presented in
Fig. 4.

Low strength for the method using a mixture of powders can be ex-
plained by the presence of contaminations adsorbed from air in the
powders. In the case of infiltration, annealed titanium powder was
used, so the influence of contamination is excluded.
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Fig. 5. Darkening of ZrOz-ceramics with applied Ti powder on its surface after
annealing in vacuum; 1350°C; 15 min.

Therefore, the following explanation can be suggested: the high-pure
high-active titanium powder is in a closed contact with ceramics, and the
mobility of anions in the structure of zirconia at brazing or metallization
temperature is also sufficient [11], so, oxygen from ZrO; interacts with the
titanium powder oxidizing it. As result, the quality of metal coatings and
brazing joints degrades. To check this assumption, a sample of ceramics
with titanium powder applied to its surface was annealed in vacuum at
1350°C 15 min. The ceramic has darkened and more intensively near the
covered with titanium surface (Fig. 5). Therefore, titanium powder on the
surface of the zirconia can indeed be oxidized by oxygen from the substrate
at the experimental temperatures.

4. CONCLUSION

The Ni—Cr-Ti system may be used for metallization and brazing of
ZrQ;-ceramics. The method of spreading of nickel-chromium melt on
titanium plate was elaborated and shown the better results in compari-
son to methods with using of powders, because high-disperse titanium
oxidizes by oxygen from zirconia.

The results obtained open up the possibility of producing brazed and
metallized products for high-temperature applications.
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Structure and Mechanical Properties of Heat-Treated
D16 Aluminium-Alloy Welded Joints Made with a Consumable
Electrode after Heat Treatment
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The extent of the influence of heat treatment on structural features and me-
chanical properties of 6-mm D16 alloy and its welded joints made by a con-
sumable electrode with application of two isolated filler wires or embedded
elements of different chemical composition is established. Wires of Zv1201,
ZvAKS, ZvAK12 grades of 1.6-mm diameter and embedded elements cut out
of V92, V96 and 7056 alloys are used for welding.

Key words: aluminium alloy, consumable-electrode welding, joining, heat
treatment, microstructure, mechanical properties.

BcTanoBiIeHO CTYIiHD BIJIMBY TEPMiUHOTO OOPOOJIEHHS HA CTPYKTYPHiI 0C00-
JIUBOCTi Ta MexaHiuHi BiaactuBocTi cromy 116 ToBmuHaOO y 6 MM Ta itoro 3Bap-
HUX 3’€¢THaHb, BUKOHAHUX TONKOIO €JeKTPOJ0I0 i3 3aCTOCYBaHHAM JBOX i30-
JbOBAHUX IIPUCAAHUX APOTIiB ab0 BTiJIEHUMX e€JIEMEHTIB Pi3HOr0 XeMiuHOIO
craany. Ilyis 3BaproBaHHsA BUKopucTano ApiT mapok 381201, 3sAKS5, 3s8AK12
niamerpom y 1,6 MM i BriseHi enremenTn, AKux 0yJio BupidaHo 3i cromiB B92,
B961i 7056.
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1. INTRODUCTION

Heat-hardenable D16 aluminium alloy (Al-Cu—Mg) is used with success
in different mechanical engineering sectors, as it is characterized by a
unique combination of mechanical properties, due to chemical composi-
tion of chemical elements (Table 1). The range of its semi-finished
products is rather wide [1-5]. The main precipitation phases are
CuAly(0) and Al,CuMg(S). At the ratio of Cu/Mg <2.6, the structure
contains S-phase, which is the main phase in D16 alloy strengthening.
At theratio of Mg/Si=1.73, Mg:Si phase forms in addition to it.

In the cast state, the alloy structure is non-equilibrium. It consists
of the solid solution and precipitates of intermetallic phases, located
along the grain boundaries and between the dendrite axes in the form
of pseudoeutectic. This one results in a low strength level (185-200
MPa) of the alloy, as well as low ductility, compared to other structural
aluminium alloys (Table 2). At process heating, the alloy demonstrates
a high capability of structural equilibrium due to the influence of the
mechanism of all the alloying element transition from the equilibrium
state into the solid solution [1, 4, 6, 7]. Therefore, the alloy chemical
composition was selected taking this physical phenomenon into ac-
count. In the wrought state, this effect develops faster than in the cast
one. During decomposition of oversaturated solid solution, the
strength is increased, but the ductility values are decreased. In the
thermally strengthened condition, the alloy is characterized by some-
what higher strength (210-230 MPa), depending on temperature—time
heat treatment modes. In the annealed state, the value of D16 alloy
ductility is satisfactory—3-6%.

To prevent cracking in the metal and lower the degree of its buck-
ling, the alloy is quenched from the temperature of 500 = 5°C in cold
water of 20-40°C. In the case, when the alloy stays at room tempera-
ture for 90-100 h, it demonstrates the capability for natural (zonal)
ageing [6]. Ultimate tensile strength of the alloy after quenching is in-
creased by 110 MPa, compared to the annealed state. An increase in
ultimate tensile strength by 100 MPa is observed in this case. The level

TABLE 1. Chemical composition and mechanical properties of 6-mm D16 alloy.

. Ot | G0.2 |60.01
M F Zn |E, GPa s Y
Mg Cu n Si e n G MPa 35, %
1.4- 4.0- 0.34- 0.16- 0.21- 0.07- 67-71 217- 106- 79— 6-18

1.7 4.5 0.53 0.19 0.22 0.11 221 115 89
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TABLE 2. Effect of heat-treatment on hardness of D16 alloy welded joints,
made by consumable electrode with batch-produced Zv1201 filler wire and Si-
containing wire.

State of base Hardness, HRB
metal and BM Zv1201 Zv1201+ZvAKS5 | Zv1201 +ZvAK12
welded joint Weld| WJ | HAZ |Weld| WJ | HAZ |[Weld| WJ | HAZ
After welding
and natural 88-89 60-89 59-65 89-90 62-87 60-65 89-90 62-87 59-65
ageing
Welding + 65-67
artificial 88-88 79-87 63-66 95-96 74-90 60-65 96-98 78-94 61-66
ageing
Welding +

uenching+  100- 99— 99—
g ifici alg 102 94-9597-9896-99 94-9597-98 |, 93-9595-98 .,

ageing

of mechanical properties of the alloy after quenching and natural age-
ing reaches ;=470 MPa, c2=300 MPa, 6=19%. Wrought sheets are
often subjected to artificial (phase) ageing at temperature conditions
of 190 £ 5°C for 12-13 h [4-6].

At the same time, the main disadvantage of the alloy remains to be
its sensitivity to process heating. It is exactly what provokes initiation
of ‘hot cracks’, as a result of a non-uniform distribution of alloying
elements in the alloy structure, as well as formation of complex phase
compounds, etc., the appearance of which lowers the mechanical prop-
erties of base metal and its welded joints. That is why, technologies
aimed at cracking prevention and raising the level of its respective
characteristics are applied in fabrication of critical structures from
this alloy. Different technological approaches are used for this pur-
pose: from application of advanced solid-phase welding technologies to
manufacture of integral welded structures [5].

Note that the technological advance in welded structure fabrication
is directly associated with solving a number of complex, but inter-
related science and technology problems. Development of new more
functional structural materials, as well as improvement of the chemi-
cal composition and properties of the traditional alloys result in the
demand and need for a thorough study of their joining processes. At
the same time, arc-welding technologies remain the most common
methods of joining parts and components in structure fabrication [4].
This is promoted by flexibility of processes realization, their cost, as
well as the availability and degree of acceptance by industry of the
normative documents, required for reproduction of the respective
welding modes under the shop conditions. The main requirements here
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are stability of the weld structure quality and higher efficiency of pro-
duction lines for welded structure fabrication.

Considering the technological advantages of arc technologies, it
should be noted that the low speeds of tungsten electrode welding of
aluminium alloys from the viewpoint of industrial requirements, re-
strain production of sound welds. Plasma-arc welding is too expensive
now, and it does not ensure the appropriate production flexibility of
the process under the conditions of its plant realization, unlike the
consumable electrode joining technology [7]. This is due to a relatively
low value of heat input into the process proper that allows it to be au-
tomated and integrated into the production line. However, there re-
main the consequences of the impact of physical conditions of liquid
metal solidification in the weld pool, during which such undesirable
phenomena as segregation and formation of various technological de-
fects may arise, lowering the joint properties.

Chemical composition of filler wires is one of the main tools for weld
structure improvement and producing the required mechanical and
service characteristics of the joints in welded structures. Note that the
effectiveness of their influence on the mechanical properties is di-
verse, as it depends on the alloying degree of the wires proper [1-4].
Two or three filler wires (electrodes) are sometimes used for improve-
ment of the production process of structure welding. It allows modify-
ing the weld structure, and, this way, eliminating the causes for defect
formation in the deposited metal. A similar effect was also obtained in
multipass welding with rotation. In this case, the change of defor-
mation and stress concentration along the weld axis allowed increasing
the joint strength level by 10% and the relative elongation level by 4%
[7, 8].

Recovery of the properties of heat-hardenable aluminium alloys and
their joints is often observed, when various heat treatment modes are
used [9-11]. It is achieved due to realization of two mechanisms of al-
uminium-alloy strength improvement: formation of precipitate dis-
persion or solid solution strengthening and alloy quenching; alloying
element dissolution in the solid solution and their further precipita-
tion in the form of submicroscopic coherent particles [1, 2]. The opera-
tion of artificial ageing, denoted as T81, is the most common in pro-
duction, as it increases the strength level. Such an increase in strength
is also observed at its combination with subsequent deformation of
metal up to 8% (T37 condition), which is performed at 163°C for 24
(36) h. However, the ductility values decrease almost two times with
both the technologies. A simultaneous increase of strength and ductili-
ty characteristics is reported as a result of performance of a full heat-
treatment cycle (T62 condition). In this case, first, the metal is
quenched in water with cooling from the temperature of 500 + 5°C, and
then, the operation of artificial (phase) ageing is performed for 12 h at
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the temperature of 190+5°C [12,13]. As the cooling rate during
quenching determines the structure morphology and residual stress lev-
el, i.e., it has an essential influence on the mechanism of formation of
coarse nonequilibrium phases, it is given special attention [5]. Elimina-
tion of some phases or their additional precipitation in the structure
promotes partial or complete recovery of the mechanical properties, so
that, it is rational to conduct a more detailed study of the effectiveness
of heat treatment modes of D16 alloy joints made by a consumable elec-
trode with two isolated wires.

In connection with the above ideas, the objective of the study was to
establish the features of microstructure formation in D16 alloy welds
made by a consumable electrode with application of batch-produced
filler wires or embedded elements after heat treatment by different
technologies, and to compare these results with base metal properties.
Batch-produced wires of Al-Si system were selected for this purpose,
namely, ZvAK5 (Al-5.5% Si) and ZvAK12 (Al-12% Si) with silicon. Its
presence promotes appearance of a considerable number of low-melting
eutectics capable of lowering the risks of solidification crack and pore
formation in welding of D16 alloy or ensuring the conditions for their
healing during weld solidification. The following zinc-containing al-
loys were used as embedded elements: V92 (Al-0.5% Cu—4.2%
Mg-3.5% Zn), V96 (Al-2.3% Cu-2.6% Mg-8.5% Zn) and 7056
(Al-1.65% Cu-1.8% Mg—9.5% Zn). Butt joints were welded by the fol-
lowing technology wvariants: Zv1201 +ZvAK5; Zv1201 +ZvAK12;
Zv1201 +V92; Zv1201 +V96; Zv1201 + 7056. Research results were
compared with those of the joints produced with one wire of Al-Cu sys-
tem of Zv1201 grade (Al-6.3% Cu-0.3% Mn). Proceeding from analy-
sis of the features of the structure and mechanical properties of the
specimens, cut out in different sections of the welds, an optimal com-
bination of filler wire chemical composition was determined, applica-
tion of which enables producing permanent joints of D16 alloy, in keep-
ing with the requirements to and purpose of the welded structure. The
above methodology was selected in connection with the fact that phase
growth occurs during liquid metal solidification and formation of weld
microstructure on its boundary along the front [1]. The extent of this
phenomenon is determined by temperature gradient on the interface of
the solid solution and the phases, as well as the pattern of distribution
of the solution, the morphology of which changes from the cellular to
the dendritic one.

The operation of artificial ageing by the mode of T =190+ 5°C for
12 h was selected to determine the range of effectiveness of the above-
mentioned heat treatments, as it ensures the maximum strength level
and stability of the structure in time [2—4]. Another studied technolo-
gy variant was application of a full heat treatment cycle, i.e., quench-
ing of D16 alloy welded joints (welded butt joint heating up to the tem-
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perature of T =500 + 5°C and soaking for 1 h with cooling in water and
further artificial ageing by the mode of T'=190 % 5°C for 12 h). Selec-
tion of the above technological conditions of welded joint treatment
was performed, taking into account the known data [1, 4, 5], which
show that at D16 alloy quenching the brittle intermetallic interlayers
between the grains almost completely go into the solid solution, and,
thus, they can ensure a higher level of joint ductility. The driving
force of this process is determined by the degree of solid solution over-
saturation in the alloy, features of its structural morphology, dimen-
sions or dispersion of phase inclusions, precipitating during heat
treatment.

2. EXPERIMENTAL PROCEDURE

Before welding, D16 alloy blanks were traditionally treated in 10%-
NaOH solution and clarified in 13%-HNO; solution. Consumable-
electrode welding of the blanks was conducted in a horizontal position.
For practical realization of the process, technological equipment was
improved, which ensured simultaneous mechanical feeding of two in-
sulated wires into a common pool. The wires were fed into the pool ac-
cording to standard requirements, i.e., directly from the face surface of
the butt joints being welded. Modes of the joining process and condi-
tions of wire feed synchronization directly during welding were also
optimized.

To expand the technology variants, embedded elements of 2x2x2.5-
mm size of V92, V96 and 7056 aluminium alloys with different zinc
content were also used, which were located in the lower part of the
butt. Zn, Mg, Cu, Mn and Zr chemical elements, which are included in-
to the composition of these alloys, ensure physic-chemical conditions
for formation of a fine-grained structure of weld metal, which pro-
motes its strengthening under the conditions of subsequent heat
treatment of welded joints[1].

The value of welding heat input was selected from the condition of a
minimal value required for complete penetration of this alloy thick-
ness, that is why the process of butt joining was conducted in the fol-
lowing mode: I,=240-250A, U.,=20-21V, welding speed here was
equal to 31-33 m/h. The width of butt welds was almost the same from
the face and penetration side, being in the range of 9—11 mm. The pro-
cess was realized with application of a forming backing, as it is known
that when it is used growth of columnar crystallites in the two-
dimensional direction takes place, and it influences the joint quality
[4]. Modulation of the main mode parameters with cycle duration peri-
od of 2.2+ 0.2s created necessary thermophysical conditions, when
control of the process of drop transfer from the main wire of Zv1201
grade and formation of the appropriate shape of the weld pool and weld
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structure are improved. It increases the amount of oversaturated solid
solution and the density of precipitates of dispersed particles of the
strengthening phase during solid solution decomposition.

The quality of D16 alloy weld formation was assessed visually and by
x-ray method (GOST 7512 [13]) in RAP-150/300 X-ray unit. Weld
metal density was controlled in Densitometer DP-30 instrument.

The welded butt joints were used to prepare specimens for mechani-
cal testing, in keeping with the requirements of normative document
GOST 6996 [14]. Mechanical tests were conducted by a procedure, de-
scribed in GOST 1497 [15]. Here, Instron-1126 machine was used, the
speed of its crossbeam displacement being 6 mm/min. The load and de-
formation values at specimen testing were recorded by a personal com-
puter that allowed further on calculating the values of ultimate tensile
strength (ultimate strength of welded joints (c:V’) and weld metal
(0:"M) of welded joints). Obtained experimental results allowed estab-
lishing their sensitivity to the thermal cycle of consumable electrode
welding and assessing the coefficient of welded joint strength, com-
pared to base metal strength level (Kw ="/ or Kw = c:"M/c*M).

After welding and heat treatment by two modes, the general state of
the joints and their deformability under the conditions of three-point
bending with load application from the weld root side as bend angle (o)
(GOST 14019-80) were studied, and the derived results were compared
with base metal values. Technological reinforcement and weld root
here were machined to required dimensions.

Heat treatment of the specimens before tensile testing was per-
formed in keeping with the above technology variants: artificial age-
ing and full heat treatment (quenching and artificial ageing). Selection
of the mode of joint heat treatment was performed, taking into account
the processes of dispersed precipitation of phase particles, solid solution
strengthening, brittle intermetallic dissolution that promotes higher
ductility of D16 alloy [1]. Precipitation of dispersed particles of AlCus
phase was observed at artificial ageing, their presence in the metal in-
creasing this alloy strength. The effectiveness of the above processes
was determined during investigations, with recording of the structural
morphology and size of phase inclusions in different zones of welded
joints.

Brinell hardness HB was evaluated with the purpose of a better sub-
stantiation of selection and development of the respective technologi-
cal measures on optimization of the modes of D16 alloy welding and
heat treatment of its welded joints. The degree of strength lowering
was recorded in Rockwell instrument at load P=600 N, by a 1/16 inch
sphere (measurement point spacing was 2 mm). All the obtained hard-
ness values were specified by normative document GOST 9012-89 [16].
Hardness measurements were conducted on the surface of the studied
welded butt joints, cut out across the welding direction. Determination
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of the above parameter was based on the existence of a connection be-
tween the structural state and mechanical properties[1, 2].

Metallographic examination of base metal and welded joints was
performed in MMT-1600V microscope, using butt joint sections cut
out across the rolling direction of the semi-finished products. Micro-
structural features were revealed by electrolytic polishing in a solution
of the following composition: chloric acid 1000 cm? +ice acetic acid
75 cm?3.

3. INVESTIGATION RESULTS AND DISCUSSION

Dissolution of alloying elements in the aluminium solid solution and
formation of submicron particles of the second phase take place in al-
uminium alloys during heat treatment, as is known from works
[1, 3, 4]. That is why, in order to determine the most influential tech-
nology factor, which improves the mechanical properties of D16 alloy
welded joints, heat treatment of butt joints was followed by studying
their microstructural features, achieved due to two isolated wires of
different chemical composition, or embedded elements, the composi-
tion of which is given above.

Metallographic Investigations. Analysis of the alloy microstructural
features showed that during consumable electrode welding at the speed
of 32-33 m/h, high-temperature heating of the metal and its further
cooling cause formation of a heterogeneous structure in the joint zone,
inherent to fusion arc welding processes. The extent of structural
transformations and volumes of precipitation or dissolution of the
forming phases are determined by the term of the respective metal re-
gion staying in particular temperature ranges, which are due to weld-
ing speed. The processes of diffusion of alloying elements and addi-
tives included into the composition of this alloy, filler wires and em-
bedded elements, determine the nature of local structural features in
all the zones of the welded joint (Figs. 1-5). By the data of Refs. [4-9],
during welding of alloys of D16 type, up to 7 diverse phase inclusions
are usually observed in its structure. Some of them belong to interme-
diate ones, for instance, metastable 6’ phase, which later on transforms
into a stable equilibrium 6(CuAl;) phase.

Weld microstructure is determined by chemical composition of the
alloy and main Zv1201 wire. Structural morphology is quite homoge-
neous; it consists of solid solution and fine inclusions of CuAl: phase,
as well as eutectic of (o + CuAlz) type, characteristic for this alloying
system. Inclusions of oxide films or microcracks are not observed in
the welds, but individual pores of up to 0.1 ym size are found in the
sites of excess phase precipitates. Their number and arrangement de-
pend on chemical composition of additional filler materials. Fine equi-
axed crystallites are found in the weld central part, and in the periph-
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Fig. 1. Microstructure of D16 alloy welded joints made with batch-produced
wire of Zv1201 grade: after welding (a), artificial ageing (b), and full heat-
treatment cycle (¢). x320.

eral zone (line of its fusion with base metal), these are crystallites, ori-
ented in the direction of the heat removal vector. A narrow zone of fine
columnar crystallites is observed on the fusion boundary in the HAZ
and eutectic interlayers are found near the intermetallic phase inclu-
sions, which were formed at heating above the non-uniform solidus
temperature[1].

Modification of the structure of welds formed as a result of feeding
additional wire into the metal pool is cellular—dendritic, typical for arc
welding with high density and dispersion of phase particle precipitates
(Figs. 1-5).

A diverse nature of phase precipitates is observed across the entire
weld thickness as the crystallites grow. This is attributable to a change
of metal pool solidification rate in a wide range relative to the direc-
tion of the torch displacement at the specified welding mode. At appli-
cation of ZvAKb5 and ZvAK12 wires, an increase in the amount of low-
melting eutectics is recorded in the structure of the weld and in the re-
gion of partial melting of the grains, predominantly on intercrystal-
line boundary. As at the specified welding mode, the solidification rate
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Fig. 2. Microstructure of D16 alloy joints produced with isolated
Zv1201 + ZvAK5 wires into one a common pool: after consumable-electrode
welding (a), artificial ageing (b), and full heat-treatment cycle (¢). x320.

changes in a broad range relative to weld width, a significant change in
the nature of phase precipitates occurs with crystal growth. Eutectic
precipitates of particles in the weld centre, where the solidification rate
is higher, have thinner walls (10—15 pm) of intercrystalline layers, and
the cell width is 8 pm smaller than near the fusion boundary (39-35 pum).
A non-uniform degree of the change of phase-structural state of the
metal leads to anisotropy of structural regions in the case of application
of embedded elements in welding, Mg (Zn:AlCu) and Mgs;Al,Zn; interme-
tallic phase compounds are found in the structure. Zinc content in the
applied elements determines them in the weld volume. Eutectic phase
precipitation is observed predominantly on the intercrystalline bounda-
ry.

Performance of artificial ageing does not change the overall struc-
ture pattern, but it promotes increase of the number of strengthening
phase precipitates in the intercrystalline gap (Fig. 2). Their number
depends on their presence in the alloy or filler materials. It allows ob-
taining an oversaturated solid solution, which provides the respective
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Fig. 3. Microstructure of D16 alloy welded joints produced with isolated
Zv1201 + ZvAK12 wires into a common pool: after consumable-electrode
welding (a), artificial ageing (b), and full heat-treatment cycle (¢). x320.

set of properties of welded joint specimens. Conducting full heat
treatment, i.e., quenching and artificial ageing of the studied welded
joints of D16 alloy, significantly changes the location morphology of
the phases, strengthening the metal. Their dispersion and number in-
crease in all the zones (Fig. 3). This is due to the rate of decomposition
of oversaturated solid solution during metal cooling in water at
quenching. The shape and pattern of distribution of phase precipitates
are related to chemical composition of the used materials. In the case of
application of both ZvAK5 or AzAK12 wires and embedded elements
from V92, V96 and 7056 alloys in welding, the number of phase inclu-
sions in the crystalline structure volume is directly proportional to sil-
icon presence in the composition of the wire and of zinc in the embed-
ded elements.

Evaluation of Hardness Value. Measurement of the mentioned metal
characteristic in different joint zones, namely, in the weld, on the fu-
sion boundary and in the HAZ confirmed the above-given regularities
of irreversible structural—-phase transformations, taking place at high
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Seam - Fusion zon Heat affected zone

Fig. 4. Microstructure of welded joints of alloy D16 after welding with a fusi-
ble electrode and artificial ageing: ZSv1201+ 7056 (Zn=9.5%) (a),
Zv1201 + B96 (Zn = 8.5%) (b), Zv1201 + B92 (Zn = 3.5%) (c¢). x320.

temperatures in welding D16 alloy. Modification of the structure of
welds formed as a result of feeding additional wire into the metal pool
is cellular-dendritic, typical for arc welding with high density and dis-
persion of phase particle precipitates (Figs. 1-5).

A diverse nature of phase precipitates is observed across the entire
weld thickness as the crystallites grow. This is attributable to a change
of metal pool solidification rate in a wide range relative to the direc-
tion of the torch displacement at the specified welding mode. At appli-
cation of ZvAKb and ZvAK12 wires, an increase in the amount of low-
melting eutectics is recorded in the structure of the weld and in the re-
gion of partial melting of the grains, predominantly on intercrystal-
line boundary. As at the specified welding mode, the solidification rate
changes in a broad range relative to weld width, a significant change in
the nature of phase precipitates occurs with crystal growth. Eutectic
precipitates of particles in the weld centre, where the solidification
rate is higher, have thinner walls (10-15 pm) of intercrystalline lay-
ers, and the cell width is 8 ym smaller than near the fusion boundary
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Seam ) Heat affected zone

Fig. 5. Microstructure of welded joints of alloy D16 after welding with a fusi-
ble electrode and a full cycle of heat treatment: Zv1201 + 7056 (Zn = 9.5%) (a),
Zv1201 + B96 (Zn = 8.5%) (b), Zv1201 + B92 (Zn = 3.5%) (¢). x320.

(39-35 pm). A non-uniform degree of the change of phase—structural
state of the metal leads to anisotropy of structural regions in the HAZ.
In the case of application of embedded elements in welding, Mg
(Zn2AlCu) and MgsAl:Zn; intermetallic phase compounds are found in
the structure. Zinc content in the applied elements determines them in
the weld volume. Eutectic phase precipitation is observed predomi-
nantly on the intercrystalline boundary.

Distribution of hardness values practically reflects the kinetics of
solid solution decomposition process and distribution pattern of de-
composition products in the matrix during welding and heat treat-
ment. Their dependence on chemical composition of the applied filler
wires and/or embedded elements, thermal cycle of welding and heat
treatment modes was established.

One can see from the data in Tables 2 and 3 that the change of the
morphology of liquid eutectic phase distribution and temperature
ranges of weld solidification in case of application of silicon-
containing wires, causes an increase in primary dendrite dimensions in
welds as a result of higher liquid eutectic mobility in the intergranular
space and lowering of their formation temperature. Hardness level in
this technology variant varies in the range of 12.5-20.1 units. Such a
pattern of hardness distribution is due to interaction of alloying ele-
ments of the alloy and of filler materials under the temperature—time
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TABLE 3. Influence of heat treatment on hardness of D16 alloy welded joints
made by consumable electrode using batch-produced Zv1201 filler wire and
embedded elements from Zn-containing alloys.

State of base Hardness, HRB
metal and Zv1201+7056 inserts|Zv1201+V96 inserts|Zv1201+V92 inserts
weldedjoint BM  [yelq | WJ |HAZ [Weld| WJ | HAZ |Weld| WJ | HAZ
After welding
and natural 90-91 61-87 59-65 89-90 61-85 59-65 89—-90 62-88 60-65
ageing
Welding + 65-67
artificial 87-90 82-90 58-65 92-92 70-91 59-65 90-93 72-93 63-66
ageing
Welding +

uenching+ 100- 100- 100- 100- 99- 100- 97-
grtificial ¢ 102 98-99 101 102 99-99 101 102 98-99 101 102

ageing

conditions of consumable-electrode welding [5]. Modulation of the
main parameters of welding mode with cycle time of 2.2+ 0.2 s created
the necessary thermo-physical conditions. This is accompanied by im-
proved control of the process of drop transfer from the main wire, pro-
ducing the appropriate metal pool shape and formation of a dense
structure of welds. Such conditions ensure an increased amount of the
solid solution, and promote higher density of precipitates of dispersed
particles of the hardening phase, that influences the joint hardness.

By their analysis data, a slight increase (5—7%) in the level of hardness
of the weld metal and zone of its fusion with the base metal is observed,
after artificial ageing of the joints made with batch-produced ZvAK5 and
ZvAK12 wires. This is, probably, due to a small number of secondary
phase inclusion precipitates, found along the crystallite boundaries in the
welds and base metal grains, and influencing the structure strength. In
the HAZ, this value grows by only 3-5 units and reaches the base metal
level in the naturally aged condition (59-65 units).

Application of embedded elements (from V92, V96 and 7056 alloys)
as additional materials also causes an increase of metal hardness level
by 2-5 units in different zones of the joint, compared to joints, made
by batch-produced wires. The level of hardness value is determined by
the amount of zinc in the composition of the respective additional em-
bedded elements (Table 3).

Conducting a full cycle of welded joint heat treatment ensures a
more significant increase in hardness value in all the structural zones.
Irrespective of silicon presence in the filler wire, its level increases by
25-30% (Tables 2, 3). The greatest effect of hardness increase is ob-
served in the weld. Similar to artificial ageing, hardness value depends
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on silicon content in the additional filler wires. In the fusion zone, the
difference in hardness values is just 1-2 HB, and in the heat-affected
zone these values are similar.

Hardness level of D16-alloy base metal, which was artificially aged,

increases by almost 10% relative to this value in the naturally-aged
state, and it is equal to 100-102 HRB (Tables 2, 3). Performance of the
full cycle of heat treatment of the joints, welded with embedded ele-
ments, creates a similar pattern of hardness change. Its level rises by
2-5 HRB, compared to joints made with application of silicon-
containing filler wires. The hardness effect is determined by the
amount of zinc in the additional materials.
Evaluation of Mechanical Properties. During mechanical tests for
static tension, fracture of D16-alloy welded joints takes places in the
HAZ subzone, where metallographic analysis revealed centres of for-
mation of a network of brittle intermetallic phases located along the
grain boundaries, because of grain coagulation. The fracture relief re-
tains tough fracture regions, which is indicative of the mixed mode of
joint destruction. In case of application of ZvAKb5 and ZvAK12 filler
wires, the ultimate strength of welded joints was equal to
186-188 MPa, on average, and that of weld metal was 180-187 MPa.
Here, ductility value (bend angle) varied in the range of 27-44 degr.
(Table 4). That is, during consumable-electrode welding, favourable
conditions are in place for physicochemical interaction of alloying ele-
ments and additives of base metal and wires, containing silicon. It ad-
ditionally expands the amount of eutectic of a balanced composition
and improves the structural homogeneity of the welds, both in the weld
centre, and on the fusion boundary with the base metal.

Performance of the operation of artificial ageing of welded joints
does not cause any essential increase of the yield limit (Table 4). It in-
creases only by 2—3% and remains on the level of 200 MPa, but the bend
angle value somewhat decreases to 22-32 degr.

Fracture sites are coarse phase particles and insoluble intermetal-
lics, located along the weld crystallite boundaries or in the zone of its
fusion with the base metal. Performance of the operation of full heat
treatment ensures an increase of welded joint strength to
282.8-298.2 MPa in specimens made with ZvAKb5 and ZvAK12 wires.
The joint fracture mode is similar.

Zinc presence in embedded elements from V92, V96 and 7056 alloys
promotes an increase of joint strength level, due to its availability in
Mg(Zn2AlCu) and MgsAl:Zns secondary phase components [1]. Perfor-
mance of just the artificial ageing causes a slight increase in the
strength of the joints made using embedded elements. Its value is equal
to 195.8-198.0 MPa, and ductility is of 22-27 degr. compared to as-
welded state (joint strength of 190-200 MPa, that of weld metal of
191-194 MPa, (bend angle) varies from 27 to 36 degr.). Zinc content in
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The highest strength of welded joints (up to 301.4 MPa) and weld
metal (up to 296.0 MPa) is noted at application of V96 alloy. Specimen
fracture at mechanical testing runs along the weld axis or boundary of
its fusion with the base metal that reflects the dependence of the joint
structure on the thermal-cycle effect in welding D16 alloy.

Performance of full heat treatment of joints made using embedded
elements, increases the strength level to 273.7-301.4 MPa, and for
weld metal to 189.0-270.0 MPa (Table 4). The level of ductility (bend
angle) here varies from 12 to 23 degr. Strength increase depends on
zinc presence in the filler material composition. In keeping with the
data of Refs. [1, 3], weld strengthening can be achieved as a result of
formation of dispersed precipitates of metastable n’-phase, the compo-
sition of which was determined to be MgsZni3Al; phase. The observed
heterogeneity of excess phase and intermetallic cluster dimensions can
be associated with silicon presence in Mg,Si and W(ALMgs;CusSis)
phases. Under the artificial ageing conditions, they dissolve in the lig-
uid metal and strengthen it, but this increase is small. Zinc presence in
the structure of welds, produced using embedded elements, promotes
formation of Mg(Zn2AlCu) and Mgs;Al:Zn; secondary phases, which in-
crease the strength level of the joints and weld metal up to 301.4 MPa
and 296.0 MPa, respectively. Specimen fracture under tension also oc-
curs along the weld axis or the boundary of its fusion with the base
metal. The fracture sites are phase particles, which do not dissolve in
liquid aluminium, but form centres of extended intermetallic inclusions
by coagulation. Presence of tough cells on fracture relief, alongside the
quasi-cleavage elements, may be indicative of stress localization and
concentration of ductile shear in individual structural regions, in keep-
ing with the conclusions of work [2]. Thus, both the operation of artifi-
cial ageing and full heat-treatment cycle can be performed in order to
improve the mechanical properties of D16 alloy joints in consumable
electrode welding.

Their effectiveness is determined by the volume fraction of base
metal phase particles and amount of alloying elements and additives at
weld modifying. The degree of influence on the structure and mechani-
cal properties depends on their amount, their ratio in the welded-joint
zones and segregation along the boundaries of weld crystallites and
base metal grains.

Moreover, it should be also noted that welded structure fabrication
in the shop does not always provide favourable conditions for heat
treatment performance. The above-mentioned problem arises in the
case of absence of the necessary thermal furnaces, and also at large
overall dimensions and considerable weight of individual structural
elements, etc., that is when the full heat treatment cycle cannot be im-
plemented under the production conditions.

In this case, the operation of artificial ageing can be applied. In case
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of absence of the mentioned production difficulties for performance of
heat treatment of welded parts or components from D16 alloy, applica-
tion of a full heat-treatment cycle of welded structural elements is
more rational. At its realization, a more favourable structure of weld-
ed joints and optimal values of mechanical properties, namely,
strength and ductility are achieved.

4. CONCLUSIONS

1. The nature of structural transformations taking place in D16 alloy
during heat treatment, namely, artificial ageing or full cycle (quench-
ing and artificial ageing), was evaluated. Their effectiveness is deter-
mined by the size of volume fractions of base metal phase particles and
amount of alloying elements and additives, applied for modifying the
welds made by consumable electrode. The extent of impact on the
structure and mechanical properties is determined by their amount in
the filler metal, segregation along the boundaries of weld crystallites
and base metal grains. Weld microstructure is homogeneous, and con-
sists of solid solution and finely dispersed inclusions of CuAl: phase
and eutectic of (o + CuAlz) type. Alongside the solid solution, up to
seven diverse phase inclusions are found in the structure, their combi-
nation influencing the level of welded joint mechanical properties.

2. The level of joint strength depends on the type of D16 alloy heat
treatment, and it is determined by the geometrical dimensions and
morphology of phase precipitates in the structure. Artificial ageing of
joints made with batch-produced ZvAK5 and ZvAK12 wires results in
their strength increase by 2—-3% (190.0-195.8 MPa). Bend angle value
is equal to 22-32 degr., which is due to transition of brittle intermetal-
lic phases into the aluminium solid solution. Silicon presence in the
composition of MgsSi and Al,Mg;CusSis phases only slightly strength-
ens the joint. Conducting full cycle of welded-joint heat treatment
raises the strength value largely (282.8-298.2 MPa), that is by
20-27% higher than under the conditions of artificial ageing. Speci-
men fracture runs along the weld axis or the boundary of its fusion
with the base metal.

3. A similar regularity of strength increase is observed in joints welded
with embedded elements. After artificial ageing, the strength level is
equal to 195.8-198.0 MPa, and after the full cycle, it is of
273.7-270.0 MPa, depending on chemical composition and zinc con-
tent in the welds when using V92 and 7056 alloys. The greatest effect
of strength increase in the joints (up to 301.4 MPa) and weld metal (up
to 296.0 MPa) is observed at application of V96 alloy. Probably, this is
promoted by formation of Mg(Zn:AlCu) and Mgs;Al:Zns secondary-
phase compounds during weld solidification. Under the conditions of
tension, the joints fail along the weld axis or the boundary of its fusion
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with base metal.

4.1t was confirmed that performance of heat treatment of D16 alloy
joints made by consumable electrode, ensures an increase of hardness
level, and it is determined by the volume of the respective transfor-
mations in different structural zones. After artificial ageing of the
joints produced with ZvAK5 and ZvAK12 wires, hardness rises by
5-7% compared to as-welded state, and for those produced using em-
bedded elements, it is 3—5% higher. The amount of silicon or zinc in the
composition of the applied filler materials determines the extent of the
effect of welded joint hardening. Performance of full heat treatment
of the joint further increases their hardness by 2-5 HRB.
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This article analyses the features of local deformation, which determine roll-
ing stamping as an independent type of metal processing by pressure. Exam-
ples of the most complete realization of the advantages of stamping by roll-
ing, which ensures the efficiency of industrial use, are given. In the priority
directions of the development of science and technology, a special role is giv-
en to energy- and resource-saving. Modern national industries of mechanical
engineering and metal processing, which are designed to increase the compet-
itiveness of own products, are still largely based on the energy- and metal-
intensive technological processes. The reduction of the energy and material
costs is facilitated by the development and implementation of new metal pro-
cessing by pressure in metalworking. This circumstance determines the pri-
ority of the development of agro-industrial production. The development of
the agricultural sector and the need to increase its efficiency require im-
provement of technical support.
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648 V.M. MYHALEVYCH, A. A. SHTUTS, M. A. KOLISNYK, I. A. ZOZULYAK et al.

Y poboTti mpoanasizoBaHO 0COBJIUBOCTI JIOKaJIbHOrO AehOpMyBaHHSA, AKi BU-
3HAYAIOTH IIPOKATHE IIITAMITyBaHHA AK CAMOCTiMHUU BUJ 00POOJIEHHA MeTaIy
TuckoM. HaBeneHno nmpukiany Haibisbm moBHOL peasisarii mepeBar mramiry-
BaHHSA 00KOUYBaAHHAM, IT10 3a0e31meuye e(peKTUBHICTh ITPOMUCIOBOTO BUKOPUC-
TaHHA. ¥ IPIOPUTETHUX HANPAMAX PO3BUTKY HAYKU Ta TEXHIKM 0CODJIUBY
POJb BiBOAATH €HepPro- Ta pecypcosddeperxenuio. CyuacHi BiTumsHAHI ramxysi
MAIMUHOOYAYBAHHSA Ta METaJI0O00pOOJeHHA, AKI MOKIMKAaHI MigABUIITUTH KOH-
KYPEHTOCIIPOMOXKHICTD BJIACHOI MPOAYKITii, Bce Ie 3HAUHOIO Mipoio 0a3y0ThCs
Ha eHepro- Ta MeTaJIOMiCTKMX TEXHOJIOTiYHMX Iporecax. IloHMXeHHIO eHep-
TeTUYHUX i MaTepiaJbHUX BUTPAT CIPUAE PO3POOJIEHHA Ta BIIPOBAJYKEHHS B
MeTaJI000pOo0IeHHA HOBUX TEXHOJIOTiHT 00pobsieHHA MeTany TucKoMm. Ila o6-
CTaBUHA 3YMOBJIIOE IPIOPUTETHICTL POSBUTKY arpOIPOMUCIOBOTO BUPOOHUIIT-
Ba. P0o3BUTOK arpapHOro ceKTopa Ta HeoOXigHicTh migBUINEHHS HOTO e(eKTH-
BHOCTH ITOTPEOYIOTHh BAOCKOHAJNIEHHA TeXHIYHOTO 3a0e3meYeHH.

Karouogri cioBa: mramMnyBaHHs 00KOYyBaHHAM, 00POOJIEHHS METaJy THCKOM,
XOJIOZHE TPUBUMIipHEe MITaMITyBaHHSA, AedOopMyBaHH:S, (DOPMYyBaHHSA, 3ar0OTiB-
KU, IJIMHHICTH MeTay.

(Received 27 December, 2024; in final version, 13 March, 2025)

1. INTRODUCTION

Approaches based on the concept of multistage technological processes
are increasingly used in the study of a wide range of production pro-
cesses. Examples can be the processes of chemical, atomic energy, air-
craft and automobile manufacturing, etc.[1].

Mechanical engineering mass manufactures and uses axisymmetric
parts of various designs such as rings, bandages and flanges. The an-
nual demand, including Ukraine’s, for details of this type varies wide-
ly and can reach tens of millions of pieces. According to foreign com-
panies, when cutting, the material utilization factor (MMF) is 40—
50%, and when using cold stamping, it is 756—80%. If we take into ac-
count the energy consumption for the production of steel and its pro-
cessing per unit weight of the finished part, it is 66—82 mdJ/kg during
cutting, and 41-49 mdJ/kg during cold plastic deformation[2, 3].

There are methods of processing metals by pressure, based on the
action of the technological load in the conditions of a localized plastic
cell. The essence of these methods is that the shape change at each mo-
ment of time is performed only over a portion of the volume of the
workpiece, and when the centre of deformation is moved, it covers the
entire volume. These are well studied and widely used in production
operations of free forging, rotary forging, rolling, etc. (Fig. 1).

The technological processes of end rolling and the sphere of mobile
stamping, to combine into rolling stamping, rolling of rings and discs,
etc., can be attributed to relatively new ones that have an insignificant
level of application [4].
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Methods of plastic deformation with localized effect of technological effort
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Fig. 1. Methods of plastic moulding and dissection with localized effect of
technological force.

The problem of the limited level of production application of local
methods is due to the fact that each of the listed technological process-
es has its own set of parts inherent in the form of which the process
shows the highest efficiency.

Despite the fact that rolling stamping technologies have numerous
advantages compared to traditional methods, as well as high economic
and technological indicators, they have not been widely used today.
National and foreign scientists pay considerable attention to the crea-
tion and development of resource-saving metalworking processes.
These works have a relatively narrow spectrum of defining criteria and
recommendations for the industrial use of rolling stamping.

Therefore, there are problems in the availability of available meth-
ods of typical technological design and development of national indus-
trial equipment. The task of this work is a justification and demonstra-
tion of this direction, which, as a result of the improvement of the roll-
ing deformation technology and the creation of specialized equipment,
is gradually being formed into an independent production method of
processing metals by pressure [5, 6].

Formulation of the problem. The purpose of the work is to study the
rolling stamping processes of flat ring and flange blanks and to deter-
mine the ways of developing technological capabilities. Analysis of the
nomenclature of parts in mechanical engineering showed (Fig. 2) that
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Rings, dises, flanges,
bushings, cups 39.5%

Bodies of rotation 68%

Shafts,
axles,
rods
16.9%

Nomeneclature
of parts 100%

Body and flat parts 32%

Flat
-parts 11.5%

Body parts 20.5%

Fig. 2. Diagram of the distribution of the nomenclature of parts by structural
features.

the vast majority of them are bodies of rotation (68%).

A large number of bodies of rotation include axisymmetric parts
such as rings, disks, flanges, etc. In the production of these parts,
mainly carbon, alloyed steel and non-ferrous metals are used. The main
difficulties in the production of such parts by traditional methods con-
sist in a sharp increase in the deformation force due to the closing of
zones of hindered metal’s flow.

To obtain such parts, methods are used in which the shape change is
carried out by a tool that rolls over the surface of the workpiece. The
production of parts under local loading allows achieving a plastic state
in the deformation zone with a lower value of the technological effort.

For the preparation of blank parts such as rings, disks, flanges and
bushings from plastic materials, the application of SHO processes can
be effective. The main technological schemes of SHO are presented in
Fig.3[2, 15].

Special development of SHO was achieved by the creation of such a
direction as cold mechanical rolling (CMR). CMR processes make it
possible to obtain axisymmetric, solid and hollow products of a com-
plex profile with thin-walled elements of significant size by cold de-
formation [1, 16]. The shape change of workpiece can be implemented
according to the following schemes (Fig. 4): deposition, landing of out-
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l Technological schemes of stamping by rolling |
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Fig. 4. Schemes of CMR: a, b—landing of the outer side; c—minting; d—
landing of the inner side; e—reverse extrusion; f—distribution.

er and inner edges on tubular blanks; direct and reverse squeezing;
dispensing, turning away, rotary hood, minting, etc.

Cylindrical or conical rolls are used as the main deforming tool in
CMR. The cylindrical roll forms the inner and profiled outer edges ac-
cording to the landing scheme.

A deforming tool in the form of a conical roll located at an angle to
the axis of rotation of the part provides significantly greater techno-
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logical capabilities. The conical roll makes it possible to form the part
according to the schemes of disembarkation, direct and reverse extru-
sion, distribution, deposition, embossing [1]. When deforming with a
conical roll, in some cases it is possible to refuse of using the mandrel,
which simplifies the design of the equipment. The disadvantages of the
conical tool are the complexity of the roll shape and the dependence of
the tool size on the part size.

As blanks for rolling, you can use pieces of pipes and rods, stamped
blanks and rings obtained by bending strips or rods with subsequent
welding. The material of the blanks can be steel: structural steel —Art.
3, steel 20, steel 40; structural alloys—20X steel, 18 XHT steel; ball
bearings—SHKH15 steel; tool steel —steel 9XC, steel 4X13 and oth-
ers, as well as non-ferrous metals and alloys.

The amount of single crimping is determined by the required degree
of deformation, power parameters of the equipment, dimensions of the
workpiece and mechanical characteristics of its material and can vary
from 1-3 mm at the initial stage of deformation to 0.05—0.1 mm at the
calibration stage. The final deformation of the part occurs, in most
cases, in 10—30 revolutions or within 0.1-0.25 min. The shape and di-
mensions of the product are determined by the rolling scheme and the
design of the equipment.

The main parameter that evaluates the suitability of metals for pro-
cessing by the mechanical rolling method is sufficient plasticity.

The main factors that limit the technological possibilities of CMR pro-
cesses are the destruction of the material, distortion and folding of the
workpieces.

Deformability of workpieces in a real technological process depends
on the shape change scheme, plasticity of the material, parameters of
the process and the workpiece. The most dangerous schemes due to de-
struction are the landing of the outer edge, distribution and removal of
tubular blanks.

When the outer edges are planted, the deformation limit before fail-
ure decreases with an increase in the ratio of the height of the part of
the workpiece exposed to rolling to the wall thickness.

The stress state of the workpieces was evaluated using the indicator
1 = (o1, 62, 63)/0u, Where 61, G2, 63 are the main stresses, 6,—stress in-
tensity [7]. The processing of the obtained results by the method of
least squares made it possible to determine the ways of deformation of
metal particles on the free surface of the edge in the co-ordinates ‘in-
tensity of deformation (g, u)—stress state indicator’ in the form of a de-
pendence

n==ke, —-n. 1)

It was experimentally established that the angle of inclination of the
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TABLE 1. Technological characteristics of semi-automatic machines for CMR.

P t Dimensionalit Model
arameters

¥ [K09013[C0424[CAO424
Strain force [kN] 125 250 630
Matrix rotation speed revolutions per 125 200 200

wave

The power of the rotation drive [kWt] 6 18.5 30
Productivity details per hour 240 150 100
The diameter of the initial work- [mm] 60 125 250
piece
The edge width of the finished [mm] 15 25 40
part
The height of the edge of the fin- [mm] 10 15 25
ished part
Overall dimensions of the ma-
chine
Length [mm] 2000 3500 4600
Width [mm] 2000 1240 2000
Height [mm] 1200 1240 1500
The weight of the machine [kg] 3000 3600 15000

roll and the displacement of its top from the axis of the workpiece have
a significant influence on the deformation path. With a constant angle
of inclination of the roll o = 10° and the absence of its displacement,
the main influence is exerted by factors ho/bo and &/bo (Fig. 5);

d /d0 =
P 2
= exp{0.865¢. (n = 0)exp(-n, InL)w — 0.14[¢. (n = 0)exp(-n, In X)w]z}.( )

The limiting diameter of the outer edge of the rolled blank can be de-
termined from the ratio, where is the value of the indicator at the point
of intersection of the deformation path of the material particles of the
dangerous zone of the workpiece with the plasticity diagram; coeffi-
cient of influence of deformation history on plasticity. When by roll-
ing out, the outer sidesw =1.2-1.35.

Materials with a gentle plasticity diagram (e,(n = -1) / g,(n=0) <1.5)
can be destroyed not on the free surface of the edge, but in the zone with
maximum deformations at a distance from the inner surface of the origi-
nal pipe blank. In this case, the admissible degree of deformation must
also be checked by the marginal degree of burst deposition [1-3];

hy[h, = exp[e..(n = 0)exp(1.51n})]. 3)
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Fig. 5. Ways of deformation of the free surface of the outer side during landing.

In Figure 6, workpieces are shown with their external and internal
edges, obtained according to the landing scheme for a blank with 2 <
ho/bo when using a purposeful displacement of the top of the roll from
the centre of the workpiece.

When rolling tubular blanks according to the scheme of landing the
outer sides, in case ho/so>2-2.5, the wall is curved and a fold is
formed; this is a technological limitation of the process due to the loss
of stability of the workpiece. To avoid the formation of folds when roll-
ing blanks with a relative wall thickness so/do < 0.1-0.12 and the rela-
tive initial height ho/so > 3 of the formation of the outer sides can be
carried out according to the deburring scheme. The workpieces de-
burred by the CMR method are shown in Fig. 7.

So

§=—0 4
1,5...2)u @

where p is the coefficient of friction on the surface of the rolls-
workpiece.

Unrolling of workpieces according to the deburring scheme is ac-
companied by the appearance of significant tensile stresses, so this
type of unrolling can be subjected to materials with high plasticity,

Fig. 6. Blanks with an outer and inner edge, obtained by landing with a pur-
poseful displacement of the top of the conical roll.
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stages.

Fig. 8. Scheme of direct extrusion—calibration and the appearance of the ob-
tained blanks: I —blank, 2—clamp, 3—matrix, 4—mandrel, 5—roll, 6—ejector.

which is characterized by the value of the relative narrowing of the
neck when the sample is stretched vy, = 60...65% .

The production of parts from steels 10, 20, 12X18N10T and copper
MOb showed that deburring of rolling allows obtaining high-quality
edges of significant sizes, including and with a thickness significantly
less than the wall thickness of the original workpiece.

Technological schemes of direct extrusion—calibration and com-
bined deformation with deposition and reverse extrusion are more fa-
vourable from the point of view of metal deformability [7]. According
to the first scheme, thrust bearing rings and parts of cam clutches
were obtained (Fig. 8).

The workpiece in this case is a ring obtained by cutting from a sheet
on a stamp or cut from a pipe. The material of the bearing ring is bear-
ing steel. Application conical roll with o < 10° allows reducing the cen-
trifugal flow of the material and the intensity of the formation of ex-
ternal burr. In the rolling process, a track of the rolling elements, end
surfaces with chamfers, outer and inner diameters of 8—9 accuracy
quality are formed. The surface roughness of the raceway is R, = 0.2—
0.4 pm; the other surfaces are R, =0.8-2.5 ym. The rolling time is of
4-5 seconds.

Figure 9 shows the products obtained according to the technological
scheme of deposition with reverse extrusion.

Thus, by purposefully applying various technological schemes of
SR, it is possible to obtain high-quality products of various shapes, and
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Fig. 9. Complicated profiled products obtained by rolling with a cylindrical roll:
a—flange with a collar; b—element of the body of the electrovacuum device.

using an approach based on deformability criteria, determine the suit-
ability of the material for processing and the final dimensions of the
products.

2. PRESENTATION OF THE MAIN RESEARCH MATERIAL

Rounded flat workpieces are quite common in the manufacturing in-
dustry. Traditionally, such workpieces are obtained by cutting or cut-
ting from a sheet, which is accompanied by significant waste in the
form of jumpers. Therefore, the issue of effectively obtaining thin
workpieces for subsequent MRM operations is quite relevant [8].

Despite the development of stamping processes with improved con-
tact friction conditions [9, 10], the main operation for obtaining thin
round workpieces remains their cutting from a sheet. At the same
time, the quality of the blanks does not always meet the requirements
due to the initial anisotropy and different sheet thicknesses.

In the further extraction of products from such blanks, the main
factor limiting technological possibilities is the destruction of blanks
in the most dangerous local zones. Ruin is preceded by a loss of defor-
mation resistance or a local thinning of the workpiece in the form of a
neck, from the moment of its formation, an increase in the degree of
extraction becomes impossible.

Rounded parts with a relatively small height are difficult to manu-
facture; h/d <0.3 with a diameter of no more than 300—-350 mm. In
this case, high-power and high-rigidity hot stamping press equipment
is required, and highly alloyed, expensive steels are required for the
production of stamping equipment.

In this regard, the article examines the technological process of
stamping by rolling (SR) of flat annular and flange workpieces.

SR allows obtaining blanks of the required shape by reshaping them
from square, round and ring. According to the proposed technology,
the sheet is cut into square blanks without waste, which are reshaped
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Fig. 10. Scheme of reshaping of workpieces by the SR method (a), view of the
original square and rolled round workpiece (b): I—workpiece, 2—product,
3—matrix, 4—spindle, 5—ejector, 6—roll.

by the SR method (Fig. 10.) into flat round ones or with the required
thickness profile. Thus, the reshaping of the workpiece is carried out
according to the scheme of precipitation by the SR method.

In the case of reshaping of workpieces by the SR method, the possi-
bility of controlling the intensity and direction of the metal's flow by
shifting the roll is practically excluded, since it is impossible to ensure
the shift of the top of the roll due to the use of a die-gauge. In this case,
centrifugal drawing of the metal is preferred. At the same time, the
maximum flow intensity is observed at a distance r <0.2R.

The debugging scheme shown in Fig. 11 according to the classifica-
tion of rolling stamping processes [11, 12] should be classified in the
first group - waste-free production of flat workpieces.

When the metal flows in different axial directions of the workpiece,
three stages of forming are observed.

At the first stage, there is an intensive redistribution of the volume
of metal [12] (in the reverse direction from the applied force P) and in
the radial (along the line H—H) directions (Fiig. 12). In the tangential
direction, the redistribution of the volume of metal is slowed down,
which is confirmed by the difference in the values of a; and b; (Fig. 4).
The resistance to deformation throughout the volume of the part is al-
so different, on the surface of the interaction of the initial blank with
the punch I, the outer layers move more intensively than the inner lay-
ers due to the high friction of the initial workpiece along the surface of
its interaction with matrix II (this is obvious when considering the
contact area of the tool with the original workpiece).

Because of this, additional loads appear: on the outer compressive
surface (since each inner layer restrains the movement of the adjacent
outer one) and on the inner one—tensile ones (since each outer layer
moving faster than the neighbouring one captures it with itself).
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Fig. 11. Setup scheme for rolling stamping of flanged parts and blanks: 1—
punch; 2—container; 3, 4—matrix; 5—ring; 6—ejector; 7—starting work-
piece; 8—finished part.

As a result of equalizing the load, there is a zone of the inner layers
with additional radial load, which increases to the outer surface. The
fact that the surface layers of the metal move more intensively than
the lower layers is confirmed by examining the cross section of the
workpiece in the first stage of the process (Fig. 13).

The beginning of the second stage of the process is determined at the
moment of contact of the initial workpiece with the matrix on surface
III. Although the movement of the volume of metal does not change its
character in relation to the first stage, it occurs with increasing re-
sistance to deformation, which is explained by the intensive formation
of the lower part of the workpiece. In the directions along the line H—
H, the radial flow of metal increases, and at the moment of filling the
outer diameter of the container, it changes its direction, at the same
time, in the direction along the line S—S, the tangential flow of metal
prevails, and at the moment of changing the direction of the flow of
metal along H—H, an increased hydrostatic pressure, the increase of
which determines the filling of the lower part of the flange [13].

A characteristic feature of the first two stages of forming is the
presence of internal circular steps when the initial and final stages of
the process are formed, and the height difference H2 - H1=S gives
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Fig. 12. Scheme of metal flow in the flange part of the part during rolling
stamping from a ring blank. H—H —radial metal flow conversion line S—S—

tangential metal flow conversion line.
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Fig. 13. Cross-section of the workpiece at the stage of the process: a—along
the G—G plane, b—along the S—S plane.

the feed value for one rolling cycle.
The formation of straight sections on the S—S line is a consequence,

the distortion forms rings due to the support at the point of contact of
the workpiece with the diagonal direction.

The third stage of the process is the calibration of the canvas and the
inner diameter of the workpiece. The process occurs without a signifi-



660 V.M. MYHALEVYCH, A. A. SHTUTS, M. A. KOLISNYK, I. A. ZOZULYAK et al.

TABLE 2. Dimensions and parameters of the rolling stamping process of ring

and flange workpieces.

Ne Parameter names Marking Unit of meas- Parameters
urement

1. Dlagor}al of the original L [mm] 186 + 240
workpiece

9. The thlckr}ess of the origi- Heun [mm] 16
nal workpiece
Angle of inclination of the

3. axis of the punch 0 (degree) 2

4. Axial feed of the tool S [mm/turn] 1.7

5. Heating temperature T [°C] 740

6. The maximum force of the p [kN] 2300

stamp

cant increase in deformation force [14].

In the analysis stage of the study, a device for the production of
blanks and parts by the rolling stamping method is proposed [15].

The device for implementing the method contains a matrix 1, a roll-
ing punch 2 and an ejector 3. The punch 2 receives a rolling motion
from a special drive. The matrix I and the ejector 2 are mounted on the
press table and can move vertically from their drives.

Research of the obtained products in terms of accuracy corresponds
to 10—11 quality, the surface roughness is 3.2 uym [16].

Calculation of the workpiece during rolling stamping.

1. Initial conditions (Fig. 14.):

cC=D,V, =V,

()

Hd
e pan—

Hi, h
IS 3

) IE_- - A

Fig. 14. Dimensions of the finished part (a) and the initial blank (b).
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where C—diagonal of the workpiece; D—outer diameter of the part;
Va, V,—the volumes of the part and workpiece.

2. Variation intervals:
D,/D=0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,
Sun=3.5,10,12, 14, 16, 20,
h=0,1.5,4,
where D;—inner diameter of the part; Ha—the height of the part; h—

is the thickness of the jumper.
3. Conclusions of calculation formulas:
V,= (nD’H —nDH,)/4, (6)

V. - o’H,, (7)

where a—side of the workpiece:

C 2
=|—1; 8
‘ (ﬁj ©

but C =D, then,

D 2
= =1 . 9
(%) @

From formula (7),

(10)

.
1
A

However, according to condition (5), V. is equal to V.
After transformation (10), we will get the original formula for cal-
culating the height of the workpiece:

H, = 1.57(H, — B’H,). 11
Power parameters and forming processes during rolling stamping of
flat annular and flange blanks from a square workpiece. In the pro-
cesses of three-dimensional rolling stamping, at each moment of time,
the initial workpiece is in contact with the tool only with part of the
end surface, thus forming a local centre of deformation [7].

The location of the centre of oscillations at the top of the conical
(rolling) of the tool, which determines the dependence of the total
stamping force on the angle of inclination of the tool axis 6, the feed of
the workpiece S, the shapes and geometric dimensions of the initial
workpiece.

Rolling stamping can be carried out in two ways:



662 V.M. MYHALEVYCH, A. A. SHTUTS, M. A. KOLISNYK, I. A. ZOZULYAK et al.

- with constant effort, when the required shape change is achieved due
to a certain number of rolling cycles under load [17];
- with constant axial feed of the tool (workpiece) in one rolling cycle.

In the latter option, the punching force will increase to a maximum
by the end of the punching, but by this time the deformation will be
over, the endurance under full load is not required, the rolling drive
will not experience peak loads at the initial moment of punching, and
the productivity will be higher.

As a rule, according to the first option, stamping is carried out on
low-power equipment. In the initial stage of the press process, maxi-
mum effort is given, while the feed will inevitably decrease due to the
increase in the size of the workpiece. When carrying out such a pro-
cess, there is uneven deformation along the height and re-sticking of
the surface layers of the workpiece, which are in contact with the roll-
ing tool.

Pre-stamping, i.e., the final operation of complete shaping of the
workpiece, is carried out at very small feeds, the locality factor X in-
creases, and the productivity at the same time decreases significantly.

In this regard, it is advisable to conduct a process with a constant
supply. In this case, the force Py is increasing with each run-in cycle,
and the locality coefficient A will keep a constant value.

The calculated feed at a constant number of running-in of the spher-
ical moving mechanism is slightly less than the actual feed. Despite
this, the effort is not observed, since the local feed does not have time
to show itself during the rolling cycle.

As a result, productivity increases and the probability of defects de-
tected in the case of conducting the process with constant effort de-
creases SR. In this case, the requirements for the equipment of the
power press and the rolling mechanism change accordingly.

Researching [18] in this direction was carried out on low-power
equipment and did not reveal all the advantages of rolling stamping.
Based on the above, we will consider the characteristic features of
stamping round flanges from square and strip blanks with constant
feed.

Figure 15 shows the diagrams of the established process of rolling
stamping with square and strip workpieces.

To calculate the area of the local centre of plastic deformation of the
spot of contact with the surface of the rolling tool, we use the formulas
given in [19], where the stress-deformed state of the metal during this
process is most accurately described.

It should be noted that the law of the smallest perimeter is not ob-
served when stamping round workpieces from square or strip work-
pieces. In this regard, the boundaries of the square and strip workpiec-
es remain practically straight. This allows you to determine the local
centre of deformation of the contact spot in the direction perpendicu-
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C)

1~

Fig. 15. Scheme of rolling stamping of flat workpieces (circles): a) punching
from a sheet; b) punching from a strip. I—stamped circle; 2—initial work-
piece; 3—punch; 4—matrix.

lar to the border of the square or strip workpiece.

The ratio of the area of the contact spot in different directions is ap-
proximately 20% at the initial moment of stamping. As the stamp fills
the circular cross-section of the stamped workpiece, the ratio decreases
and when it is completely filled in all directions, it becomes equal (this
is the final stage of stamping).

Correspondingly, the resistance of the metal and the contact pres-
sure change due to the change in the contact areas in the local centre of
plastic deformation, that is, the metal is easily stamped in the direc-
tion of the face. It explains that the appearance in the direction of the
face, which is shown in work [20—23] based on the example of the loss
of stability of the workpiece in the tangential direction perpendicular
to the boundary.

The intensive flow of metal in the tangential direction in the corner
zones of square or strip workpieces remained unclear.

In Figures 16—-18, the nature of the flow of metal from its initial
stage to the final output product is shown that shows how the metal is
redistributed around the circle. Figure 17 shows the diagram of the
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Fig. 17. Intermediate shape of the blank when punching a circle from a strip
in case of loss of stability (bend) in the region of the side face, parallel to the
axis of the strips.

Fig. 18. The final shape of the workpiece.

areas of the contact spot during rolling stamping from a square blank,
where their difference is clearly visible.

The difference in contact areas in the direction of the boundary and
in the direction of the corner of the workpiece leads to an increase in
the feed in the area of the faces, from which the tool already rolls onto
the corner zone. This causes an intense tangential flow of metal in the
corner zones of a square or strip workpiece, and sufficiently pro-
nounced conditions perpendicular to the boundary disappear along
stamp filling measures. The consequence of this is high accuracy in the
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thickness of the workpieces [24, 25]. It was previously shown that,
even on thin workpieces, the ratio N/D =0.02 corresponds to the accu-
racy of cold-rolled sheet without calibration.

3. CONCLUSIONS

The stress—strain state of workpiece material is an important charac-
teristic necessary for assessing deformability and determining force
parameters. Among the effective methods of NDS analysis are the grid
method, hardness measurement, and microstructural analysis.

Direct extrusion by the SHO method was considered by us using the
example of forming end teeth of a gear sleeve. To increase the accuracy
of determining deformation intensity in cross-sections of workpieces,
a highly strengthening material, namely, copper MOb, was chosen for
physical modelling.

As a result of constructing graduation graphs and measuring hard-
ness in workpiece cross-sections, as well as grids on workpiece surfac-
es, the distribution character of stress and strain intensity, as well as
the stress state index in the plastic area, was obtained. The most rigid
stress state scheme is observed at the apex of the extruded teeth, but
here the least deformation occurs. The largest deformations are
formed at the base of the tooth, but the stress state is close to uniaxial
compression.

Reverse extrusion by the SHO method was also modelled on copper
MOb. NDS analysis showed that the most deformed zone is the thin-
walled element zone, which is formed because of metal flow from the
contact plastic spot area of the roller with the workpiece. Maximum
deformations are observed in this zone, gradually decreasing as you
move away from the contact surface.

The flange part of the workpiece is a zone of relatively uniform de-
formation. Dependences of the growth of deformation intensity on the
periphery of the flange from the relative increase in its length were
constructed.

Based on the analysis results, paths of material particle deformation
in dangerous zones due to possible workpiece destruction were con-
structed, which were then used to assess workpiece material deforma-
bility.

The possibilities of direct extrusion are limited by the complexity of
force transmission from the roller to the opposite end face of the work-
piece and significant contact stresses. Therefore, this operation is
more suitable for calibration or forming of small-size workpiece ele-
ments, which should be taken into account when developing corre-
sponding SHO technological processes.

Further research in this direction will expand knowledge of material
deformation mechanisms during stamping by extrusion and develop
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new approaches to optimizing technological processes in the produc-
tion of metal parts.
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